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Abstract
Analytical methods were developed and validated for the determination of the total 
concentration of trace elements (Se, Fe, Cu, Zn, Mg, Ca, Mn, Mo, I, Cd and Pb) and the 
various organic and inorganic selenium species present in human body fluids. Total 
elemental analysis involved the use o f inductively coupled plasma mass spectrometry 
(ICP-MS). Speciation analysis utilised ion-pair high performance liquid chromatography 
(HPLC) coupled on-line to a hexapole collision cell ICP-MS. The methods that were 
developed were then applied to three separate studies. The effect o f psychological stress 
on human fertility was determined by comparing the trace element levels in blood serum 
from 47 infertile women undergoing in-vitro fertilisation (IVF) treatment. Elemental data 
was compared with stress-hormone (plasma prolactin and serum cortisol) levels and 
Spielberger stress questionnaires. Statistical analysis showed no relationship between 
stress-hormones and blood serum trace element levels and that stress-hormones do not 
have an adverse effect on human fertility. A further study examined the total trace element 
levels o f blood serum, follicular fluid, endometrial fluid and scalp hair from a study 
population of 97 women aged between 24 -  44 years undergoing IVF treatment. Selenium 
levels in blood serum were significantly lower in IVF patients in contrast to 18 (age and 
gender matched) control cases (P = 0.001, 35 degrees of freedom). This was in agreement 
with a previous study with infertile women, aged < 3 5  years. Zinc and manganese were 
determined in endometrial fluid, both showing a high degree of correlation (P = 0.001, 17 
degrees of freedom) in the IVF population (no control samples were available for 
analysis). The levels of each element measured in scalp hair showed no correlation with 
the levels determined in any other matrix. A major contribution of this research involved 
speciation analysis of selenium in blood serum, seminal plasma and urine. Commercial 
selenium supplements were consumed over 28 days and the effect that this had on 
selenium levels (total and species) within the human body fluids was investigated. 
Consumption caused an increase in the levels of selenium within all human body fluids 
and in general, the total level o f selenium was found to be higher than the sum o f the 
species present. An in-vitro bioavailabilty procedure was performed on the supplements 
and showed that two selenium yeast commercial products contained different selenium 
species. Some selenium species were identified and the implications o f this are discussed.
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Chapter One 
G e n e r a l  I n t r o d u c t i o n
1
1.0 Introduction
In 1946, the World Health Organization (WHO) defined “health” as a state o f complete 
physical, mental and social wellbeing, that is, not merely the absence o f disease or 
infirmity. To obtain this level o f health a large number o f elements are required because 
the human body is a complex chemical and biological system, based on water and various 
inorganic and organic compounds (Fiabane and Williams, 1977).
Certain disease states are associated with abnormal levels o f particular elements, for 
example, imbalances in at least nineteen elements can cause potential problems in human 
fertility, embryogenesis and pregnancy. These include Li, B, Al, Cr, Mn, Fe, Co, Ni, Cu, 
Zn, As, Se, Mo, Cd, In, Te, I, Hg and Pb (Lappe, 1983).
Elements are present in many different forms within the human body. Consequently, for 
a state of good health, essential elements must not only be present, but they must also be 
in the correct locations, the correct amounts, the correct oxidation states and bound to the 
correct chemical partners (Fiabane and Williams, 1977). Therefore, speciation analysis 
is critical when trying to diagnose and treat physiological conditions. This will supply 
information on the particular chemical species that are present, which in turn aids in the 
interpretation of homeostasis (continuous excretion and replenishment) and the 
absorption and metabolism mechanisms o f the trace element (Fairweather-Tait, 1998, 
Williams, 1998). However, this form of analysis can be extremely difficult to undertake, 
particularly when measuring human body fluids, as the changes in the concentration o f 
the metal complex that occur due to certain pathological conditions can be so minute that 
they lie within the analytical error range.
1.1 Classification of Elements
Elements can be classified as major, minor, trace or ultra-trace depending on their 
concentration as found in nature. Within the human body, the major/ minor elements are: 
H, C, N, O, Na, Mg, P, S, Cl, K and Ca and the trace/ ultra-trace elements are: F, Si, V,
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Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Sn and I (Fiabane and Williams, 1977). The 
elements are classified as trace when they exist at less than 100 mg kg’1 and as ultra-trace 
when they exist at less than 10 jag kg’1 (Vandecasteele and Block, 1993).
1.1.1 Essentiality and toxicity o f elements
When a biological system is considered, elements can be classified not only as major, 
minor, trace or ultra-trace but also as being essential, non-essential or toxic to human 
health. There are several definitions o f essentiality. Nicholas stated an essential trace
ti
element was a “metabolic or functional nutrient” (Nicholas, 1961). According to 
Cotzias, if an element is to be classified as essential it has to meet the following criteria 
(Cotzias, 1972):
•  it should be present in all healthy tissues of all healthy things;
• its concentration in these tissues must be fairly constant;
• its withdrawal from the body induces reproducibly the same physiological and 
structural abnormalities regardless o f the species studied;
• its addition either reverses or prevents those abnormalities;
• the abnormalities induced by deficiency are always accompanied by pertinent, 
specific biochemical changes;
•  the biochemical changes can be prevented or cured when the deficiency is 
prevented or cured.
On the other hand, Bowen defined essentiality as follows (Bowen, 1979):
• the organism can neither grow nor complete its life cycle if the element is 
supplied at a sufficiently low concentration;
• the element cannot be wholly replaced by any other element. However, in a 
few cases some elements may be interchangeable in respect of their 
essentiality. This is due to the fact that several metals can activate a number 
o f enzymes;
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• the element has a direct influence on the organism and is involved in its 
metabolism.
Mertz described elements as essential when they were “required for maintenance of life” 
and that “deficiency consistently caused an impairment of a function from optimal to sub- 
optimal” (Mertz, 1981). According to Nielsen, an element is considered essential if a 
dietary deficiency of that element consistently results in a sub-optimal biological function 
that is preventable or reversible by the addition o f a physiological amount o f the element 
(Nielsen, 1984).
Elements are considered toxic if their presence produces an unwanted change to a 
biological system, often through the impairment or over stimulation o f a physiologically 
important process. The toxicity o f a trace element depends upon its concentration in a 
given biological system and on its chemical form or species (which will determine its 
bioavailability). Among toxic elements, cadmium, mercury and lead have become 
especially prevalent in human health and disease states, as an increase in industrial and 
man-made activities has caused their gradual redistribution and contamination of the 
environment and food supply (Sandstead, 1985). For other trace elements, such as Al, 
Sb, Ba, Be, B, Br, Ge, Li, Rb, Ag, Sr, Ti and Zr, there is not, as yet conclusive evidence 
for their essentiality or toxicity. Many controversial reports exist in the literature, for 
example, on the toxic role of aluminium in Alzheimer’s disease (Ward and Mason, 
1987, Emmett, 1988, O’Mahony et a l,  1995) and on the essentiality o f boron in 
rheumatoid arthritis (Nielsen, 1988, Havereroft, 1989).
1.1.2 Role of trace elements in human health
Bioinorganic chemistry is a rapidly developing branch of physical science, which aims to 
understand the chemistry o f reactions involving elements in-vivo and to apply this 
understanding (Fiabane and Williams, 1977). This can be complex, as trace elements 
have a wide range o f roles within the human body. The large majority of trace elements 
act as key components o f essential enzyme systems or o f other proteins, which perform
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vital functions. Two types o f enzymes that require metal ions are metalloenzymes and 
metal ion activated enzymes, fn metalloenzymes, the metal ion is firmly bound to (and is 
an integral part of) the enzyme protein molecule, fn metal ion activated enzymes, the 
metal ion is bound weakly and several different metals may activate the same enzyme.
The function o f the metal ion in these systems may be:
• to lock the geometry o f the enzyme protein so that only a specific substrate 
can be attached;
• to bind the substrate to the protein and so act as a template.
The action o f these enzymes is essential for many vital body processes, such as 
respiration, muscle contraction, nerve conduction, digestion, growth, reproduction and 
the maintenance of body temperature (Kaplan et a l, 1995). Trace elements are also 
involved in other biological functions, including reduction and oxidation reactions, 
transport processes, membrane permeability, the function o f sub-cellular organelles (for 
example, the mitochondria) plus the synthesis and stabilization o f proteins and nucleic 
acids (Versieck and Comelis, 1989). Even very small amounts o f an element can have a 
significant effect on essential body processes. Many biological processes that depend 
upon the presence o f a trace element, such as the activation o f enzymes, are designed to 
respond properly to a specific element and no other (Mertz, 1981). Therefore, specificity 
is an important factor and consequently, the absence of the specific element results in the 
impairment o f the process. Processes can also be impaired by elements with very similar 
chemical and physical properties to each other. Many mutual antagonisms are widely 
known, for example, between iron and cobalt, copper and manganese, copper and 
molybdenum, copper and zinc, calcium and potassium and cadmium and zinc. Cadmium 
competes with zinc, interfering with its metabolism and disrupting the function of zinc- 
dependent enzymes, such as carbonic anhydrase (Hay, 1984). Conversely, zinc can also 
protect against the disruptive effects o f cadmium. These interactions may also affect 
complicated organic molecules, vitamins, essential amino acids and free fatty acids. As a
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result, the healthy concentration of an element is sometimes dependent upon the 
concentration and species o f other elements.
Disorders o f essential elements arise from inadequate intake, genetic defects, excessive 
exposure and impaired elimination (Patriarca et a l 1998). The human body’s main 
source o f the necessary levels o f trace elements for good health is from nutrition (a 
balanced and healthy diet). Therefore, adequate digestion and absorption of the nutrients 
is essential. Trace element absorption is related to bioavailability, i.e. “the proportion o f 
total metal in a food, meal or diet that is utilised for normal metabolic functions” 
(Fairweather-Tait, 1997). Certain species are more bioavailable than others, as trace 
element bioavailability in the body is determined by many dietary and physiological 
factors, such as chemical/ physical form and oxidation state.
Physiological factors determining trace element uptake include bacterial fermentation, 
presence o f infections or diseases, anabolic requirements (relating to growth, pregnancy 
and lactation) and homeostatic control (Fairweather-Tait, 1998). Homeostatic control is 
an important biological process that involves the continuous excretion and replenishment 
of each individual element, allowing the overall stationary concentration to remain 
approximately constant. After trace elements are absorbed, they are transported by blood 
and taken up by various organs and tissues according to demand. Despite regulation 
processes, the trace element composition o f blood may be affected by a number o f 
factors. In the short-term, these factors can be a change in food intake, menstruation, 
posture, exercise and the time o f day. In the long-term, factors such as age, occupation, 
geographical location, gender, pregnancy, dietary habits and body mass can all influence 
trace element uptake (Versieck and Cornells, 1989).
The total metal ion content o f a given system will be composed o f free and bound ions in 
solution. Metal ions (for example, in blood) are all transported to their site of action 
using “carrier” molecules, such as transferrin, metallothionein, albumin and a 2- 
macroglobulin. One feature o f homeostasis is that the transport molecules operate at less
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than full capacity, in this way the system has a buffer against excess amounts of an 
element (Frausto da Silva and Williams, 1991).
Trace element species have different bioavailabilities, homeostasis and also toxicities; 
therefore, the species present, rather than just the total element content, play an important 
role in the state of human health. These differences occur because the various species, 
for example, Cr34 and Cr64 or Fe24 and Fe3+, follow different metabolic pathways. In 
particular, arsenic species have incredibly varying toxicities, namely in decreasing 
toxicity: arsenite, arsenate, monomethylarsinic acid, dimethylarsinic acid, As and 
arsenobetaine (Cornells and de Kimpe, 1994).
Even essential trace elements can produce toxic effects if their concentration is high 
enough. The dose response curve (Bertrand, 1912) shows the qualitative effect o f the 
intake o f an essential trace element on health (Figure 1.1). As a result, there are 
metabolic disorders connected with both deficiencies and excess amounts of these trace 
elements (Hay, 1984), as can be seen in Table 1.1.
Response
Concentration of essential element 
Figure 1.1: Dose response curve (after Underwood and Mertz, 1987).
Each element has a different dose response curve, so each element will become toxic at a 
different concentration level. Some have superior homeostatic capabilities than others,
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with some only having a small safety margin between optimum and toxic concentrations 
(Hay, 1984). Selenium has a relatively narrow optimum range (0.1 mg L'1 (beneficial) to 
10 mg L '1 (carcinogenic)) resulting in cases of both deficiency and toxicity (Fiabane and 
Williams, 1977).
Table 1.1: Disorders related to excesses and deficiencies of certain elements.
Element Disease arising from deficiency Disease arising from excess
Ca Retarded skeletal growth Cataracts, gall stones
Mg Muscle cramps Diarrhoea
Fe Anaemia, disorders o f the immune system Haemochromatosis
Zn Skin damage, stunted growth, retarded 
sexual maturation
Nausea, vomiting, abdominal cramps
Cu Artery weakness, liver disorders, 
secondary anaemia
Wilson's disease, liver necrosis
Mn Infertility, impaired skeletal growth Psychiatric disorders
Mo Retardation of cellular growth Diarrhoea, anaemia
Co Pernicious anaemia Coronary failure
Ni Growth depression, dermatitis Skin ailments, lung cancer
Cr Impaired glucose metabolism (diabetes) Lung cancer, dermatitis
F Dental caries Fluorosis
Si Musculoskeletal injuries Silicosis
V Increased blood cholesterol Manic depression
Se Keshan disease, Kashin-Beck's disease Selenosis
As - Poisonous
I Thyroid disorders Thyroid disorders
Cd - Nephritis
Pb - Anaemia, encephalitis, neuritis
Hg - Encephalitis, neuritis
8
There are elements for which only negative effects have been found so far; these are the 
‘soft’ thiophilic heavy metals, namely cadmium, mercury and lead. They affect human 
health by acting as a potent enzyme inhibitor, as their ions are readily polarisable and 
they bind strongly to sulphur (Kaim and Schwederski, 1994). The main effect on 
human health caused by inorganic lead is blood disorders. These disorders are caused by 
the combination of inorganic lead with the sulphydryl groups of enzymes involved in the 
biosynthesis of haem and the cytochromes. There are three types o f mercury that can 
cause poisoning, namely mercury vapour, inorganic (ionic) mercury and alkyl mercury. 
Mercury vapour can be absorbed into the lungs, where within a matter o f hours, it is 
oxidised and appears as ionic mercury in the bloodstream. These soluble inorganic 
mercury salts are extremely toxic, mainly due to their corrosive action on the intestine, 
kidneys and brain. Mercury alkyl derivatives are even more dangerous. They are rapidly 
absorbed by the erythrocytes (red blood cells) and quickly cross the blood-brain barrier. 
This leads to permanent injuries to brain cells, as a result o f mercury compounds binding 
to proteins in the cell membranes. This affects the distribution o f ions, electric potentials 
and the passage o f nutrients across these membranes (Fiabane and Williams, 1977).
In summary, trace elements play a large role and can have a dramatic effect on human 
health. The volume of literature reflects the large amount o f work that has been carried 
out into the role of trace elements in human health. This research concentrates on the 
role o f trace elements within human infertility.
1.2 Human Infertility
It was not until the late eighteenth and early nineteenth centuries that specific problems 
were associated with human infertility. One o f the first conditions to be recognised was 
that blocked fallopian tubes caused sterility (Fishel and Symonds, 1986). Since then as 
would be expected, there have been rapid advancements in both the understanding o f the 
causes and the treatment o f infertility.
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Couples are said to be fertile if they have conceived within one year o f regular 
unprotected intercourse (Johnson and Everitt, 1997). If conception does not occur 
during this time frame the couple are classified as sub-fertile. In recent years, there has 
been a dramatic increase in the incidence o f human sub-fertility cases (Braude and 
Ledger, 1998). There are several types o f sub-fertility (both female and male) and all are 
grouped under the general term of infertility.
1.2.1 Female and male infertility
Female fertility is linked primarily with oocyte (egg) production and the release and 
transport of oocytes to positions where fertilisation and subsequent embryo development 
can occur. Male fertility is linked to the production, motility and number of sperm 
available for fertilisation. Any factor, which interferes with one or more of these areas, 
can potentially cause infertility. The main causes o f female infertility are (Chambers, 
1999):
• tubal damage;
• primary ovarian failure;
• secondary ovarian failure -  effect of age, premature menopause;
• polycystic ovary syndrome;
• hypogonadotrophic hypogonadism;
• hyperprolactinaemia, from pituitary adenoma;
• endometriosis;
•  intrauterine fibroids;
• significant systemic illness;
• previous sterilisation.
The main causes of male infertility are (Chambers, 1999):
• deficient spermatogenesis;
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• previous vasectomy;
• antisperm antibodies;
• hypogonadotrophic hypogonadism;
• hyperprolactinaemia;
• ejaculation disorders, such as retrograde ejaculation and impotence;
• obstruction to outflow o f sperm;
• significant systemic illness.
One study of infertile couples found that 21 % of infertility was classified as being 
caused by ovulatory failure, 14 % due to tubal damage, 6 % secondary to endometriosis, 
26 % due to male factor infertility, 6 % attributed to suspected coital failure and 33 % 
was unexplained or due to other causes (Hull et al., 1985).
A number of procedures exist that are used to treat various infertility problems. Some 
problems can be simple to solve through the administration of drugs or hormones, whilst 
others require major surgery. If these methods fail then it may be possible to make use of 
assisted conception techniques, such as gamete intra fallopian transfer (GIFT) or in-vitro 
fertilisation (IVF). All samples for this research are obtained from infertile couples 
undergoing IVF treatment. IVF involves removing a pre-ovulatory oocyte from a woman 
and fertilising it externally with sperm. Post conception, the embiyo is grown for a few 
days and is placed back inside the body o f the woman. Replacement occurs in the uterus 
where if implantation is successful, the embiyo will grow as it would in a natural 
pregnancy (Webster, 1986, Leese, 1988, Neuberg, 1991). Despite the sophistication o f 
the technique, IVF only has a success rate of approximately 17 -  30 % (Jones, 1991). 
For couples that fail to conceive by IVF, the source of their infertility generally remains 
classified as unexplained despite all o f the tests they have undergone. It is for this reason 
that research into other possible causes o f infertility such as external factors becomes 
important.
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1.2.2 External factors
Besides structural problems within the reproductive system, infertility can arise from 
nutritional, hormonal and immunological factors. Nutrition is essential for ensuring 
ovulation and menstruation and furthermore, after conception, nutrition is linked to the 
growth of the embryo. For example, low vitamin E levels, essential fatty acids and 
certain essential trace element deficiencies (selenium and nickel) have been linked to 
miscarriages (Chashschin et al., 1994, Bradley and Bennett, 1995, Barrington et al., 
1996). An excess of trace elements, such as nickel, cadmium, mercury and lead can also 
cause foetal malformations (Rom, 1976, Ward et al., 1990, Chashschin et al., 1994).
Research has also shown that social and environmental factors can affect fertility. These 
include stress, alcohol, cigarette smoking (Ward, et al., 1987, Ward, 1991) and exposure 
to toxic chemicals, such as pesticides, other organic compounds (Whorton et al., 1977) 
and heavy metals (cadmium, mercury and lead). Stress has an influence on hormonal 
balance and the fertile period in women (Schenker et ah, 1992). These hormonal 
imbalances, especially in the ovarian, thyroid and pituitary glands, have been identified 
with a view to being used as diagnostic markers for establishing the type o f infertility 
condition (Horne, 2000). Similarly, assays have been designed to assess the impact o f 
chronic infection and hostile cervical mucus on female infertility. Excessive 
consumption o f alcohol affects fertility, as it causes an increase in the excretion o f a 
number o f nutrients, including some o f the B vitamins, zinc and magnesium. Zinc 
imbalance in-tum reduces the protective effect against the teratogenic consequences o f 
various toxic heavy metals, especially cadmium (Ferm and Carpenter, 1967, Sato et 
al., 1985). Zinc, along with selenium, can also play a part in male infertility. Low levels 
o f these elements have been connected with poor sperm count and motility (Scott et al., 
1998, Omu et a l, 1998, Huang et a l,  2000). It is therefore believed that trace elements 
could play an important role in infertility.
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1.2.3 Role of trace elements in hitman infertility
Research shows that imbalances in at least nineteen trace elements (Li, B, Al, Cr, Mn, Fe, 
Co, Ni, Cu, Zn, As, Se, Mo, Cd, In, Te, I, Hg and Pb) can cause potential problems in 
human fertility, embryogenesis and pregnancy (Lappe, 1983). The toxic elements, 
namely cadmium, mercury and lead can endanger the developing embiyo. Lead and 
cadmium in particular pose significant problems because o f occupational and 
environmental exposure. Lead can cause mutagenicity and damage to deoxyribonucleic 
acid (DNA), as well as neurological damage. This mutagenicity may also affect germ 
cells (sperm and oocytes) (Peereboom-Stegeman, 1987). Human epidemiological 
studies have linked lead exposure with impaired fertility and increased risk o f 
spontaneous abortion in women (Silbergeld, 1983). Various studies have reported the 
negative effects that cadmium has on reproduction. Some of the effects mentioned were 
the restriction o f foetal development (Ward et al., 1987) and the reduction of birth 
weights (Peereboom-Stegeman, 1987). This link between lower birth weight babies 
being born to mothers who smoke is well known (Peereboom-Stegeman, 1987, Ward et 
a l,  1987). Cadmium has also been linked to ovarian atrophy (Peereboom-Stegeman et 
a l,  1983). Zinc and selenium have been shown to affect both the motility and number o f 
sperm cells and also to protect testicular glands from possible cadmium damage (Scott et 
a l, 1998, Omu et a l, 1998, Huang et a l, 2000). In women, low serum concentrations 
o f zinc during early pregnancy can result in abnormal deliveries, such as inefficient 
labour (Weinstock e t a l, 1983). Low zinc status o f mothers has also been linked to a 
relatively high incidence o f skeletal and congenital malformations (Jameson, 1976).
Many studies have been carried out to investigate various aspects o f infertility and as to 
whether trace element imbalances could be a cause and/ or effect o f the problem. Several 
biological fluids or media have been used for these investigations. Those chosen for this 
particular research are described in section 1.3.
1.3 Biological Fluids and Other Media Investigated
Investigations into health disorders relating to trace elements requires the analysis o f 
appropriate compartments, such as blood, urine and tissues. The actual selection of the 
media is an important step in the analytical process. The media has to be chosen with 
respect to the aim of the investigation along with the biological implications. For 
instance, scalp hair (SH) is a unique biological material; as a result o f its slow growth 
rate, it reflects the biomedical and environmental history o f the subject. In contrast, 
blood shows only what is present at the moment the blood sample is drawn and urine
tf
shows only what the body is eliminating, not what is stored.
The level of the analytes of interest in the chosen media also have to be detectable, 
particularly as it is not only the total level o f element present but also the species o f that 
element that are of interest. This can hamper the analysis, particularly of human blood 
and blood constituents, as they can have extremely low concentrations o f elements 
(Michel et ah, 1983). The biological fluids and other media that were chosen for this 
research are blood serum (BS), follicular fluid (FF), seminal plasma (SP), endometrial 
fluid (EF), urine (UR) and scalp hair (SH). These media are described in detail in 
sections 1.3.1 -1 .3 .6 .
1.3.1 Whole blood, plasma and serum
Blood is the only fluid tissue in the human body and it represents approximately 8 % o f 
total body weight. “Circulating blood is a heterogeneous fluid consisting o f a clear, 
slightly yellow liquid (native plasma) and three groups of suspended, formed elements: 
red blood cells or erythrocytes (99 %), white blood cells or leukocytes and blood platelets 
or thrombocytes” (Das et a l , 1996).
Blood plasma is primarily a transport medium that conveys nutrients to the cells, removes 
their metabolites and carries hormones to their specific sites o f action. Blood is also 
involved in the regulation o f physiological processes. Its composition and volume
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influences the activities o f other organ systems, which in-turn maintain the homeostasis 
o f the entire organism. The composition of blood is 90 % water, 1 % inorganic 
substances, 6 - 8 % protein (albumin, globulin, fibrinogen) and small quantities of other 
substances, such as glucose, oxygen, carbon dioxide and lipids (Iyengar, 1989).
When a blood sample is taken, a clot and blood serum forms (as a result of the stop in 
circulation and the polymerisation of fibrinogen to fibrin). When plasma is required, this 
clotting process can be avoided through the addition of an anticoagulant, such as heparin 
to whole blood. Plasma can then be separated from the cells by gentle centrifugation 
(Iyengar, 1989).
Blood serum contains no fibrinogen and has a higher serotonin content than blood plasma 
as a result o f the breakdown o f platelets during clotting (Ganong, 1995). As the serum is 
free o f fibrinogen it remains free and clear. However, a certain degree of haemolysis 
(breaking up o f red blood cells) occurs and this breakdown forms bilirubin, which 
imparts a yellowish brown colouration to the serum fluid (Iyengar, 1989).
Blood plasma and serum are frequently used for chemical analysis as they reflect most of 
the absorption and distribution o f the elements within the body. They are also relatively 
easy to access. Blood serum is used in this research, as it has the advantage over plasma 
in that no anticoagulant has been added, which could cause a disturbance in the chemical 
species or contamination of the trace element levels. The “normal” levels of trace 
elements in blood serum are shown in Table 1.2 (Churchman, 1997, Stovell, 1999).
Blood serum, along with other matrices, has been used to try and determine the trace 
element status o f infertile patients. The blood serum of infertile males has been reported 
to be lower in zinc and higher in cadmium (Xu et a l , 1993). Serum selenium has also 
been reported to be significantly higher (probability level, P = 0.001) in infertile males in 
comparison to fertile men (Saaranen et a l , 1987).
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Table 1.2: “Normal” levels o f trace elements in blood serum.
Element “Normal” range present in blood serum (mg L '1), *(pg L"1)
Se * 4 6-106
Fe 0 .8 -1 .5
Cu 0 .8 -1 .4
Zn 0 .8 -1 .3
Mg 18.1-26 .9
Ca 89.1-102.6
Mn *0.68-2.34
Mo *0.60-3.72
I *46 - 82
Cd * 0 .2 -0 .8
Pb * 0 .5 -2 .0
Source: Churchman, 1997, Stovell, 1999.
1.3.2 Follicular fluid
From the time o f birth, there are many primordial follicles under the ovarian capsule and 
each contains an immature ovum. At the start o f each cycle, several of these follicles 
enlarge and a cavity forms around the ovum (antrum formation). This cavity is filled 
with follicular fluid (Ganong, 1995). As more fluid accumulates, the follicles continue 
to enlarge and move towards the surface of the ovary. Several follicles commence this 
transformation every month, but generally only one reaches the mature (Graafian) stage, 
the rest degenerate and become atretic follicles (Spence and Mason, 1987).
The structure of the mature ovarian (Graafian) follicle comprises theca externa, theca 
interna, granulosa cells and the follicular fluid. The cells o f the theca interna are the 
primary source o f the circulating oestrogens. However, the follicular fluid has high 
oestrogen content and much o f this hormone comes from the granulosa cells (Ganong, 
1995).
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Oocyte or ovum 
Follicular Fluid
Figure 1.2: Mature ovarian follicle (after Rowland, 1992).
Follicular fluid also contains mucopolysaccharides, plasma proteins, electrolytes, 
glycosaminoglycans, proteoglycans, gonadal steroid hormones, follicle stimulating 
hormones, inhibin etc. (Berne and Levy, 1993). The content o f follicular fluid is the 
result o f secretion from the granulosa cells that line the follicle and also compounds 
diffusing across the basement membrane o f the follicle from blood plasma. The limited 
permeability of the follicle walls and their molecular shape restricts the entry o f many 
blood plasma proteins; consequently the levels of proteins (and also trace elements) are 
only about one third o f those in blood plasma (Paszkowski et atI, 1995, Paszkowski et 
at., 1996, Stovell, 1999).
Trace element levels have previously been measured in follicular fluid obtained from 
infertile women undergoing IVF treatment. One study reported that iron levels in 
follicular fluid positively correlated with the iron levels in blood serum (Paszkowski et 
at., 1996). It has also been reported that selenium levels are lower in the follicular fluid 
o f patients with unexplained infertility in comparison to those with tubal or male factor 
infertility (Paszkowski et at.y 1995). The levels of trace elements in follicular fluid 
obtained from infertile women, with both tubal and unexplained infertility are shown in 
Table 1.3 (Stovell, 1999).
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Table 1.3: Level o f trace elements in follicular fluid of women with tubal and
unexplained infertility.
Element Tubal infertility 
Pg L'1
Unexplained infertility 
PgL"1
Se 49 ±15 48 ±11
Fe 714 ±259 648 ± 227
Cu 803 ±221 804 ±198
Zn 403 ± 94 395 ± 80
Cd 0.41 ± 0.20 0.43 ±0.17
Pb 1.34 ±1.05 1.80 ±1.64
Source: Stovell, 1999.
1.3.3 Seminal plasma
Semen is a composite solution formed by the testes and accessory male reproductive 
organs. Basically it consists o f spermatozoa suspended in seminal plasma (SP). The 
function o f seminal plasma is to provide a nutritive medium of proper osmolality and 
volume for spermatozoa, as spermatozoa have very little cytoplasm. Seminal plasma also 
activates the spermatozoa, giving them greater motility (Iyengar, 1989). The volume of 
semen is 2 to 4 mL per ejaculation, and the average sperm content is 200 million 
spermatozoa per mL of semen (Iyengar, 1989). The sperm content can vary 
considerably, so sperm density along with sperm motility is used to determine the 
viability o f semen. Infertile males can be classified into four different infertile groups 
based on these two determining factors, as shown in Table 1.4 (Aitken, 1986).
Many treatments have been used in an attempt to try and improve both sperm count and 
sperm motility, for example, hormone treatment with follicle stimulating hormone (FSH), 
which stimulates sperm production and interstitial cell stimulating hormone (ICSH), 
which stimulates the testis to produce testosterone (Omu et al. , 1998).
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Table 1.4: Classification o f male infertility.
Infertility group Sperm characteristics
Azoospermia
Oligozoospermia
Asthenozoospermia
Normozoospermia
No sperm present 
< 1 -  20 x 106 mL"1
> 20 x 106 mL'1, < 60%  motile
> 20 x 106 mL'1, > 60 % motile
Source: Aitken, 1986.
The “normal” levels of trace elements found in seminal plasma (Stovell, 1999) are shown 
in Table 1.5.
Table 1.5: “Normal” levels o f trace elements in seminal plasma.
Element “Normal” range in seminal plasma (pg mL"1)
Se 0.021 -0.191
Fe 0.05 -  0.63
Cu 0 .0 3 -0 .3
Zn 18-301
Mn 0.08-0 .30
Mo -
I -
Cd 0.00015-425
Pb 0 -0 .0 4 9
Source: Stovell, 1999.
Seminal plasma is widely used for investigating male infertility. For example, the lead 
concentration of seminal fluid has been reported to be significantly higher in infertile 
men (n = 79, P = 0.001) (3.6 ± 3.2 pg L '1) compared to fertile men (1.7 ± 1.0 pg L"1) 
(Saaranen et a l 1987). High levels o f aluminium have also been linked with low live 
sperm groups (P = 0.05) (Dawson et a l, 1998) and low levels o f zinc and selenium have
19
been linked to poor semen quality (Stanwell-Smith et a l, 1983, Umeyama et al., 1986, 
MacPherson et al., 1993, Xu et al., 1993). As reported in section 1.2.3, administration 
o f zinc and selenium has been shown to improve both the motility and number o f sperm 
cells and to protect testicular glands from possible cadmium damage (Scott et al., 1998, 
Omu et al., 1998, Huang et a l, 2000).
1.3.4 Endometrial fluid
Pre-implantation growth and development of embryos is dependent upon provision of 
nutrients in the uterine cavity. Deficiencies within this nutrient pool may impair 
embryonic growth and could account for the high levels o f embryonic mortality 
(Edmonds et al., 1982). Embryos are nurtured by the uterine secretions in which they 
float and elements from these secretions will appear in uterine fluids (endometrial fluid, 
EF). Chemical analysis o f endometrial fluid can identify the substrates that are provided 
for pre-implantation embryonic growth in-vivo. The levels o f steroid hormones, prolactin 
and protein have previously been measured (Stone et a l, 1986); however, this research 
will attempt to determine the level o f trace elements within the endometrial fluid.
1.3.5 Urine
Three principal factors affect the composition of urine (UR), namely nutritional 
condition, state o f metabolic processes and the functioning of the kidney (Iyengar, 
1989).
About 1200 mL of blood passes through the kidney eveiy minute, exposing the plasma to 
the semi-permeable membrane o f each functioning glomerulus. The ultrafiltrate that 
collects in the Bowmans capsule contains all o f the substances o f plasma capable o f 
passing through the membrane. Urine is produced after this filtrate has been modified in 
the kidney tubules and collecting duct o f the nephron. Average daily excretion of urine 
in a “normal” adult is 1200 - 1500 mL (Iyengar, 1989).
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A large proportion o f mine solute is made up of urea, sodium chloride, nitrogenous 
material (for example, ammonia and creatinine) and salts (for example, sulphates and 
phosphates). Urine also contains small amounts o f sugar, intermediary metabolites, such 
as oxalic acid, citric acid and pyruvate, free fatty acids, trace amounts of cholesterol and 
small amounts of elements. Hormones, such as ketosteroids, oestrogens, aldosterone and 
pituitary gonadtrophins and biogenic amines (catecholamines and serotonin metabolites) 
are also normally found in the urine, these reflect the metabolic and endocrine status o f 
the individual (Iyengar, 1987).
It is not uncommon that mine will contain traces of red blood cells, leukocytes, renal 
tubular epithelial cells, transitional epithelial and squamous epithelial cells, which 
represent normal sloughing o f aged cells (Iyengar, 1987).
“Normal” levels of trace elements in mine have been reported and are shown in Table 1.6 
(Iyengar, 1987).
Table 1.6: “Normal” levels of trace elements in mine.
Element “Normal” range present in mine (pg mL"1)
Se 0.010-0.160
Fe 0.061-0.800
Cu 0.007-0.300
Zn 0.028-0.835
Mn 0.000062-0.300
Mo 0.0327-0.100
I 0.060-0.388
-Cd 0.00064-0.00890
Pb 0.0037-0.120
Somce: Iyengar, 1987.
The trace element composition of mine is made up of elements that have been transferred 
from the blood into the filtrate. Blood transports these elements around the body so that
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the tissues and organs can receive the elements that they require in order to function 
properly. Urine is an excretory mechanism, therefore trace elements present in the urine 
sample are generally the excess after the organs and tissues etc. have taken what they 
require.
The levels reported in Table 1.6 indicate the “normal” functioning and nutritional state of 
the human body. When a low level of copper, selenium and zinc are determined in urine 
it could indicate a deficiency within the individuals diet. Although other biological 
fluids, such as blood serum and scalp hair should be analysed to verify this state. I f  all 
media have consistently low levels, then there is reason to suspect a deficiency. 
However, an awareness of certain factors like alcohol consumption is important, as levels 
o f zinc increase in urine after this has occurred (Comar and Bronner, 1962, Iyengar, 
1983, Roels et al., 1982).
1.3.6 Scalp hair
Normal scalp hair is made of 100 000 individual hairs, with a speed o f growth of about 
0.35 mm per day and a reproductive cycle lasting 2 to 5 years (Valkovic, 1988a). Hair 
growth and density are influenced by a number of factors, primarily nutritional and 
hormonal (Marieb, 1992). Human hair consists of approximately 80 % protein and 15 
% water with a smaller amount of lipid and inorganic material. The water content varies 
directly with ambient relative humidity. The lipid material derived from sebum ranges 
from 1 -  9 % and consists o f free fatty acids; mono-, di-, and triglycerides; wax esters; 
hydrocarbons and alcohols. The mineral content o f hair is from 0.25 -  0.95 %, on a dry 
ash basis (Chatt and Katz, 1988).
There are differences in the trace element concentrations o f hair within various sub­
groups o f the general population, for example, based on age, race and gender. The 
changing nutritional requirements and metabolic processes associated with age may be 
responsible for differences among age sub-groups and similarly the differences reported 
on the basis o f gender may be due to differences in hormonal activity (Chatt and Katz,
22
1988, Valkovic, 1988a). It has been shown that the scalp hair concentration o f copper, 
lead and cadmium for those less than 30 years of age is significantly higher than from 
those who are over the age o f 40 (Schroeder and Nason, 1968). Zinc and copper in the 
hair o f males are reported to increase with age ( 2 - 1 2  years) and then decline slowly 
after that (Petering et a l, 1971). The hair concentrations o f chlorine, iodine, aluminium, 
potassium, vanadium and manganese have been shown to decrease with age, while 
magnesium, calcium, copper and zinc increased with age (Takeuchi et a l, 1982).
Controversy exists in the literature as to whether or not there is a significant difference in
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the levels o f trace elements in scalp hair between males and females. Mean lead 
concentrations in the scalp hair o f male and females have been reported to not be 
significantly different at the 90 % confidence level (P = 0.10) (Reeves et a l, 1975). 
However, it has also been reported that the lead content o f female hair was significantly 
higher than that of males (Klevay, 1973) and the opposite that the lead content o f male 
hair is significantly higher than the hair o f females o f the same age and habitat 
(Chattopadhyay et a l, 1977). Other elements, namely calcium and magnesium have 
been reported to be twice the level in female hair compared to male hair (Imahori et a l,  
1979, Wiesener and Schaefer, 1982) and nickel in female hair has been reported to be 
four times the level in male.hair (Schroeder and Nason, 1968, Katz et a l, 1975).
Careful consideration has to be taken when interpreting the levels of trace elements 
measured in scalp hair. Large variations have been reported because the samples were 
collected from people o f different ages and gender. However, age and gender are not the 
only factors that can cause variations in trace element levels. The geographical location 
o f the donor and any medication or dietary supplements that the donor is taking can also 
have an effect. Another important factor that the analyst/ sample collector has to 
consider is where the sample should be collected from i.e. the distance from the scalp 
(Valkovic, 1988b).
A hair is a flexible strand-like structure produced by a hair follicle, which consists largely 
o f fused keratinised cells. The chief regions o f a hair are the shaft (that projects from the
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skin) and the root (the portion embedded in the skin). The best place to take a hair 
sample from is the proximal inch o f hair, i.e., that nearest the scalp, as this reflects the 
most recently deposited endogenous trace elements. If hair is collected from further 
down the shaft o f hair, a dramatic increase in many trace element levels, such as lead, 
copper and zinc is reported (Hambidge, 1973, Kopito and Schwachman, 1975, 
Valkovic et al., 1975). It is thought that the increase in trace element concentration is as 
a result o f exogenous contamination from the likes of dust, dirt, sweat, sebum and 
environmental sources.
There are several advantages in using hair as a research matrix. It is biologically stable, 
easy to obtain, it reflects the metabolic balance over a period of time and the 
concentration o f most trace elements are at an order of magnitude higher than those in 
body fluids. Furthermore, the collection o f a hair sample is simple, safe and relatively 
inexpensive. However, as mentioned previously, care needs to be taken during the 
analysis to remove or account for any external contamination that could occur as a result 
o f hair colourants and shampoos etc. The “normal” levels o f elements found in scalp 
hair are reported in Table 1.7 (Passwater and Cranton, 1983, Stovell, 1999).
Table 1.7: “Normal” levels of trace elements in scalp hair.
Element “Normal” range present in scalp hair (mg kg"1)
Se 0 .5 -4 .0
Fe 2 0 -5 0
Cu 1 2 -3 5
Zn 160-240
Mn 0.16-0 .55
Mo 0 .04-0 .10
I 0 .11 -1 .00
Cd <1.0
Pb <20.0
Source: Passwater and Cranton, 1983, Stovell, 1999.
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1.4 Elemental Analysis
Elemental analysis in the life sciences has always focused on the determination of the 
total content o f elements in biological samples. It has since become apparent that it is 
necessary to quantitatively measure the different chemical forms (species) o f the element, 
as the analysis o f the total metal concentration in biomedical samples gives no indication 
o f toxicity, or the risk and site o f bioaccumulation (Harrington, 1999).
1.4.1 Total elemental analysis
Several trace elements are essential and are required at a certain level for optimum health 
(as stated in section 1.1.2). However, increasing knowledge o f the distribution, 
metabolism and effects of trace elements in organisms has resulted in the elemental 
content in specific fractions o f the material (such as certain types o f cells, sub-cellular 
components or molecules) now having to be determined (Belme, 1989). However, the 
total concentration o f elements is still useful, as it can provide information on the 
compartmentalisation of elements in body tissues, the balance and regulation of elements 
within biological fluids, the efficiency o f elemental transport within blood and the 
excretory capabilities of the kidneys. The total concentration can also be o f use during 
speciation analysis, as the sum of the metal species present should equal the total 
concentration of the metal (Harrington, 1999).
1.4.2 Trace element speciation analysis
The term ‘species’ can refer to a specific form (monoatomic or molecular) or 
configuration in which an element can occur, or to a distinct group o f atoms consistently 
present in different compounds or matrices (Cornells and de Kimpe, 1994). Several 
definitions o f the term trace element speciation analysis have been made:
• speciation analysis “implies the identification o f biologically active 
compounds to which the trace element is bound and the quantification o f the
25
element in relation to those particular molecules” (Cornelis and de Kimpe,
1994);
• metal speciation is “the qualitative identification and the quantitative 
determination o f the individual chemical forms that comprise the total 
concentration o f a given trace element in a sample” (Harrington, 1999);
• “metal speciation refers to the identification and quantitation of 
organometallic, chelated or free metal ion forms or its oxidation states in a 
particular sample” (Sarzanini, 1999);
• “analytical chemistry: analytical activities of identifying and/ or measuring the 
quantities o f one or more individual chemical species in a sample” 
(Templeton eta l., 2000).
1.4.3 Trace elements chosen for this research
The chosen trace elements for these particular studies are Se, Fe, Cu, Zn, Mg, Ca, Mn, 
Mo, I, Cd and Pb. These elements have been chosen mainly because o f their known 
importance to (or toxic effect on) human health. Selenium is the main element studied in 
this research and is investigated in all o f the applied studies; iron, copper and zinc are the 
other main essential elements and were also quantified in all applied studies. Magnesium 
and calcium are measured in the “stress study” and manganese, molybdenum and iodine 
are measured in the “trace element and infertility study”. Cadmium and lead were 
chosen, as they are toxic elements and are known to have an effect on human fertility and 
as a result their levels are measured in both the “stress study” and the “trace element and 
infertility study”. The media being investigated for their total trace element content are 
blood serum, follicular fluid, seminal plasma, endometrial fluid, urine and scalp hair. 
Only blood serum, seminal plasma and urine were used for the trace element speciation 
analysis. When speciation analysis is applied to biological tissues and fluids it relates to 
the study o f the relationship between trace elements and the various ligands present, the 
valency o f the element and its oxidation potential. The speciation analysis performed 
within this research (outlined in Chapter Five) involved the speciation of selenium within 
the aforementioned media.
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1.4.3 J  Selenium
The total content of selenium in the body is approximately 15 mg (Groff and Gropper,
1995). It exists in several oxidation states, namely:
• elemental selenium;
• Se2‘ (selenide, RiSe or seleno-amino acids Se2');
• Se4+ (as selenite);
• Se6+ (as selenate).
Several species of selenium exist within the human body and all appear to follow 
different metabolic pathways within the human body, as shown in Figure 1.3. The 
biologically active form seems to be selenide, R2Se, which is protected from oxidation by 
vitamin E (Fiabane and Williams, 1977).
Selenium is a key component of a number of functional selenoproteins required for 
normal health. About 35 have been identified but many o f their roles have not yet been 
fully elucidated (Rayman, 2000). The best known are the glutathione peroxidases (GSH- 
Px) and thyroxine - 5’ - deiodinase ^ S ’D). The actions o f these enzymes protect the 
body against the oxidative effects o f hydrogen peroxide (Petrovic et al., 1995) and 
control the metabolism of the thyroid (Rayman, 1997).
Selenium quickly passes through the intestinal tract, where the most intensive absorption 
occurs in the duodenum (Groff and Gropper, 1995). Selenium is then transported into 
the circulation and into the tissues, where it is incorporated into newly synthesised 
selenoproteins.
Selenium is easily mobilized in the liver but it is retained for a long time in the brain
tissue. It is eliminated from the body mostly via the kidneys, which are considered to be
the principal regulators o f selenium homeostasis in humans (Behne et al., 1988) and as a
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result urinary analysis of selenium is very important. Metabolism of selenium can be 
followed by the determination o f trimethylselenonium (TMSe+) in urine, since 55 - 60 % 
of this element is excreted in this form (Petrovic et at., 1995).
General proteins
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Figure 1.3: Metabolic pathway o f selenium (after Schrauzer, 2000).
Adequate selenium in the diet has been identified as being particularly important for 
immune system response (Spallholz et al., 1990) and cancer prevention (Rayman, 
2000). Low selenium status has also been reported to be a factor in recurrent
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miscarriages (Barrington et al., 1996) and depression (Hawkes and Hornbostel, 1996). 
Selenium levels in the UK diet are falling, due in part to a reduction in the import o f 
wheat from the selenium rich soil o f North America. Finland supplements fertilisers with 
selenium in order to increase the level present within their soil and consequently, the 
level in the food chain (Rayman, 2000). Supplementation may therefore be required to 
improve the levels of selenium in the UK diet. This is addressed in Chapter Five, which 
reports on the effect that the consumption o f different forms o f selenium has on the levels 
and species o f selenium in various human body fluids.
Selenium interacts with several other elements within the human body. An intake of sub- 
clinical amounts of lead is found to significantly lower the tissue concentration of 
selenium. Although the mechanism for this is unclear, the fact that selenium and lead 
bind to sulphydryl groups provides reason for speculation (Neatherly et al., 1987). 
Selenium reduces the toxicity of mercury chloride as well as phenylmercuriacetate and 
methyl mercury (Johnson and Pond, 1974).
Copper deficiency has been shown to decrease the activity of the selenium-dependent 
enzymes glutathione peroxidase and T45’D (Olin et al., 1994).
An interaction also occurs between selenium and the amino acid methionine. The 
potency o f selenium in the dietary form of selenomethionine may be reduced if a 
situation o f methionine deficiency exists. The explanation o f this observation is that if 
methionine is deficient, selenomethionine will substitute for the role in which methionine 
plays in the synthesis of body proteins. Selenium will then only become available as 
these proteins become degraded in the course o f normal turnover.
1.4.3.2 Iron
Iron is the most abundant transition metal in the human body (4.2 - 6.1 g in the average 
man). The only stable states in which iron may be present in-vivo are ferric (Fe34) and
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ferrous (Fe2+). It may also redox between the two, depending upon the ligand to which it 
is attached (Fiabane and Williams, 1977).
Iron in the body can be classified as one o f two types, namely as an active or as a stored 
component. The active component, which is transported by transferrin, comprises about 
75 % of the iron and includes haemoglobin (65 - 70 %), myoglobin (3 - 5 %) (that stores 
oxygen in muscles for use in contraction), iron-containing enzymes (i.e. catalases, 
peroxidases and cytochromes) and iron-containing co-factors. The remaining 25 % o f 
iron is stored as ferritin and haemosiderin in the liver, spleen and bone marrow
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(Passwater and Cranton, 1983).
Haemoglobin and myoglobin iron are held in the Fe2+ oxidation state in the centre o f a 
tetrapyrrole ring, which is incorporated into a protein molecule. The protein environment 
of the iron atom is arranged so that Fe2+ is the preferred oxidation state, thus allowing 
oxygen to be bound to the iron without oxidising it. Fe3+ tends to form insoluble 
hydroxides at physiological pH; therefore, specific transport and storage proteins 
(transferrin and ferritin) handle it (Groff and Gropper, 1995). Transferrin is an iron 
transport glycoprotein with a molecular weight of about 80,000 units. It contains a single 
polypeptide chain that is synthesized in the liver. The inter-relationship between iron and 
copper is demonstrated by caeruloplasmin, a copper-containing protein with ferroxidase 
activity. It catalyses the oxidation o f ferrous iron to its ferric form so that it can bind 
tightly to transferrin (O’Dell, 1990). Most iron found in the body is bound to protein, 
rather than existing as free iron. The binding of iron by proteins serves as a defence 
mechanism, because free Fe2+ readily reacts (Fenton reaction) with H2O2 :
Fe2+ + H2O2 -»  Fe3+ + OH' + OH° (E q u a tio n  1.1)
As shown in equation 1.1, a hydroxy anion and a free hydroxy radical (OH°) are 
generated, which are extremely reactive and damaging to cells.
Transferrin has two binding sites for trace elements, both of which have a high affinity 
for ferric iron, but the binding site near the N-terminal end will also bind to other
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minerals, for example, Cr, Cu, Mn, Cd, Zn and Ni (Groff and Gropper, 1995). Tight 
binding of the ferric iron also requires the presence of an anion, usually bicarbonate, at 
each binding site (Passwater and Cranton, 1983). Transferrin in the plasma is typically 
one third saturated with ferric iron. The iron is delivered by transferrin to storage sites, 
such as the liver, spleen and bone marrow, as well as to tissues in need of iron.
Ferritin acts as a temporary iron store and a long-term mobilizable reserve (Fiabane and 
Williams, 1977). The iron is in a micellar form as Fe3+ oxyhydroxide-phosphate 
complex. A protein shell (apoferritin) encloses the micelles, thus, rendering their Fe3+ 
soluble in the cell fluid. Ferritin, which contains up to about 4300 Fe atoms, maintains a 
reserve capacity for iron (Fiabane and Williams, 1977). Ferritin is constantly degraded 
or resynthesized, thereby, providing an available intra-cellular iron pool. Equilibration 
between serum ferritin and tissue ferritin occurs and therefore serum ferritin is used as an 
index o f body iron stores (1 pg ferritin L"1 serum — 10 mg iron stores). “Normal” serum 
ferritin concentrations exceed 12 pg L"1 for adult females and 15 pg L'1 for adult males 
(Groff and Gropper, 1995).
Haemosiderin is another iron storage protein. It is thought to be a degradation product o f 
ferritin representing, for example, aggregated ferritin or a deposit o f degraded apoferritin 
and coalesced iron atoms. The concentration of iron in haemosiderin may be as high as 
50 %. The ratio o f ferritin to haemosiderin in the liver varies according to the level o f 
iron stored in the organ, with ferritin predominating at lower iron concentrations and 
haemosiderin at higher concentrations (iron overload). Although iron in haemosiderin 
can be labelled to supply free iron, the rate at which iron is released is slower than that 
from ferritin (Groff and Gropper, 1995).
Iron is known to interact with copper, zinc, selenium and lead. An excessive intake of 
iron has been shown to inhibit zinc absorption (W hittaker, 1998). In contrast, a 
deficiency o f iron has been shown to result in decreased selenium concentrations (Yetgin 
et a l, 1992) and to increased absorption o f lead (Goyer, 1995).
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1.4.3.3 Copper
The copper content of the human adult body is within the order o f 50 - 120 mg (Groff 
and Gropper, 1995). It is found in two oxidation states in-vivo, namely cuprous (Cu1+) 
and cupric (Cu2+), with the latter state predominating due to the ease of oxidation of Cu1+ 
(Fiabane and Williams, 1977). However, some Cu2+ complexes o f tripeptides can be 
oxidised by air to Cu3+ species, making this form potentially of some biological 
importance (Hay, 1984).
Copper-containing proteins are involved in a variety of biological functions. These 
functions include electron transport, copper storage and many other oxidase activities. 
The main role o f copper in-vivo is in redox reactions. It is present in approximately 12 
enzymes, whose functions range from the utilisation o f iron to the pigmentation o f the 
skin. In terms of these enzymes, the most studied are superoxide dismutase (SOD), 
cytochrome c oxidase, catalase, dopamine hydroxylase, tryptophan dioxygenase, 
lectithinase plus other monoamine and diamine oxidases (Passwater and Cranton,
1983).
Absorbed copper is transported in combination with albumin to the liver, where the 
copper is then incorporated into a blue protein called caeruloplasmin. The “normal” level 
of copper in the blood is 100 pg, o f which approximately 90 % is caeruloplasmin 
(Passwater and Cranton, 1983).
However, caeruloplasmin is not simply a transporter of plasma copper, it is also a multi­
faceted oxidative enzyme. Caeruloplasmin, also known as ferroxidase I, is responsible 
for the oxidation of trace elements, most notably ferrous (Fe2+) iron, but also manganese 
(Mn2+) (Groff and Gropper, 1995). The role o f copper in normal iron metabolism is 
evidenced by the anaemia that results from prolonged copper deficiency. Anaemia is 
caused by an impaired mobilization and use o f iron. This is caused by the reduced 
ferroxidase activity of caeruloplasmin, which is responsible for the oxidation o f iron to its 
trivalent state. The oxidation of Fe2+ to Fe3+ is needed in order for iron to bind to
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transferrin (O’Dell, 1990). Transferrin then transports the mobilized iron from its hepatic 
stores to tissues that need that trace element. Caeruloplasmin also modulates the 
inflammatory process as an acute-phase protein (Groff and Gropper, 1995).
Interaction with ascorbic acid results in decreased caeruloplasmin activity. The effects of 
vitamin C may be mediated through the reduction o f the cupric ion (Cu2_f)  to its cuprous 
form (Cu+) by the ascorbate, through the formation of a poorly absorbable complex or 
both (Passwater and Cranton, 1983). The reduction and the metabolism o f copper 
within the human body are shown in Figure 1.4.
Figure 1.4: Basic copper metabolism (after Groff and Gropper, 1995).
It is well established that a strong mutual antagonism exists between copper and zinc, 
most likely caused by the induction o f intestinal metallothionein by zinc (Fisher et ah, 
1984). Copper and selenium also appear to interact. Copper deficiency has been shown
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to decrease the activity o f the selenium-dependent enzymes glutathionine peroxidase and 
T45’D (Olin e ta l ,  1994).
1.4.3.4 Zinc
Zinc is present in the human body to the extent of 1.4 -  2.3 g, (Fiabane and Williams, 
1977). It can exist in several valence states, but is almost universally found as the 
divalent ion (Zn2+). Zinc complexes are generally good buffers and are used for pH 
control in-vivo (Hay, 1984).
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The major functions of zinc are enzymatic. It is part of more enzyme systems than the 
rest of the trace elements combined and it affects many of the fundamental processes of 
life. The main biochemicals, where research suggests that zinc is necessary, include 
(Passwater and Cranton, 1983):
• enzymes and enzymatic function;
• protein synthesis;
• carbohydrate metabolism.
Certain enzymes appear to be veiy sensitive to a deficiency in zinc, such as carbonic 
anhydrase for respiration, alkaline phosphatase in the bone, carboxypeptidase in the 
pancreas and deoxythymidinekinase in the sub-cutaneous connective tissue (Passwater 
and Cranton, 1983, Groff and Gropper, 1995, Prasad, 1998).
Physiological functions o f zinc include tissue or cell growth, cell replication, bone 
formation, skin integrity, cell mediated immunity and generalized host defence. The role 
of zinc in tissue growth is primarily related to its function in the regulation of protein 
synthesis, which includes its influence on polysome conformation as well as the synthesis 
and catabolism o f the nucleic acids (Groff and Gropper, 1995). In nucleic acid 
synthesis, zinc metalloenzymes (deoxyribonucleic acid (DNA), ribonucleic acid (RNA) 
polymerase and deoxythymidine kinase) are paramount; the latter is necessary for the
conservation or salvaging of thymine, the pyrimidine unique to DNA. Zinc serves as a 
necessary structural component o f DNA-binding proteins that contain zinc fingers. Zinc 
finger is a term used to indicate the shape (configuration) o f the proteins, which look like 
fingers and the presence o f zinc bound to the protein (Rhodes and Klug, 1993).
A basic model o f the absorption, deposition and excretion of zinc is shown in Figure 1.5.
ABSORPTION DEPOSITION EXCRETION
Figure 1.5: Model of the absoiption, deposition and excretion o f zinc (adapted from 
Prasad, 1998).
Zinc itself is believed to stabilize the structure of membranes by stabilizing phospholipids 
and thiol groups that need to be maintained in a reduced state. It also guards the 
membrane against peroxidative damage by occupying sites on the membrane that might 
instead be occupied by metals such as iron, or by quenching free radicals through 
association with metallothionein. Zinc may also stabilize membranes by promoting 
associations between membrane skeletal and cytoskeletal proteins (Passwater and 
Cranton, 1983).
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Zinc influences carbohydrate metabolism. A zinc deficiency causes a decreased insulin 
response and an impaired glucose tolerance (Forbes and Erdm an, 1983). Zinc also 
appears to influence the basal metabolic rate (BMR), as a decrease in thyroid hormones 
and BMR has been observed in subjects receiving a zinc-restricted diet (Wada and King, 
1986). Zinc is important for taste, as it is a component o f gustin, a protein involved in 
taste acuity (Henkin and Aamodt, 1971).
Zinc is necessary for the synthesis of retinol-binding protein, which transports vitamin A 
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in the blood; therefore, an inter-relationship exists between zinc and vitamin A. Zinc
deficiency is associated with decreased mobilization of retinol from the liver, as well as
decreased concentrations o f several transport proteins found in the blood, including
albumin, transferrin and prealbumin (Bates and McClain, 1981).
The detrimental outcome of excessive zinc intake on copper absorption is thought to 
result from zinc simulation o f thionein synthesis. Thionein polypeptides have a high 
affinity for copper and formation o f copper metallothionein traps the metal in the 
enterocyte, preventing its passage into the plasma (Festa et a l, 1985).
1.4.3.5 Magnesium
Magnesium as a cation in the human body ranks fourth in overall abundance, but intra- 
cellularly it is second only to potassium. The normal human body contains about 20 -  28 g 
o f magnesium, approximately 55 - 60 % o f which is located in bone, another 20 - 25 % in 
muscles and the remainder is found in other soft tissues and extra-cellular fluids (Groff 
and Gropper, 1995).
Magnesium absorption mainly occurs through the small intestine but the colon may also 
play a role (Shils, 1994). Magnesium absorption is more efficient when magnesium 
status is poor. It may also be influenced by a number o f factors, for example, dietary
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fibre and phytate impair absorption, whereas vitamin D and lactose appear to increase 
magnesium absorption (Rude, 1993).
In blood plasma, most magnesium (55 %) is found free, about 32 % is bound to protein 
and 13 % is complexed with citrate, phosphate and other ions (Groff and Gropper,
1995).
Magnesium interacts with several other elements, such as calcium, phosphorous and 
potassium. Magnesium is involved in the homeostasis of calcium (Levine and Coburn,
1984). The absorption of phosphorous is inhibited by magnesium, as the two elements 
are thought to precipitate as Mg3(PC>4)2 (Fine et a l , 1991). There is a close inter­
relationship between magnesium and potassium because magnesium is involved with the 
balance o f intra and extra-cellular potassium (Wester, 1987).
Deficiency of magnesium is usually associated with the presence o f other illnesses, such 
as alcoholism or renal disease. Pure deficiency of magnesium due to inadequate dietary 
intake has not been reported but has been induced under research protocols. Symptoms 
associated with deficiency include nausea, vomiting, anorexia, muscle weakness and 
spasms (Kelepouris and Agus, 1998).
An excessive intake o f magnesium is not likely to cause toxicity except in the case o f 
people with impaired renal function. Excessive intakes o f magnesium salts may however 
have a cathartic effect leading to diarrhoea and possible dehydration (Groff and 
Gropper, 1995).
1.4.3.6 Calcium
Calcium is the most abundant divalent cation of the human body, averaging about 1.5 % 
o f total body weight or between 1000 - 1200 g (Arnaud and Sanchez, 1990). Bones and 
teeth contain about 99 % o f the calcium. The other 1 % is distributed in both intra and 
extra-cellular fluids. This 1 %, although small in comparison, is extremely important as
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it regulates heartbeat, nerve transmission, muscle contraction and blood coagulation 
(Passwater and Cranton, 1983).
The calcium content of blood is about 10 mg per 100 mL of blood. It is present in several 
forms, mainly as free ions (50 %) or bound to serum proteins, such as albumin and 
prealbumin (40 %) but it also appeal's complexed with phosphate and citrate (up to ~ 10 
%) (Groff and Gropper, 1995). The blood level of calcium is maintained by several 
hormones (principally parathyroid hormone and calcitonin) and by the active metabolite 
o f vitamin D3 (Passwater and Cranton, 1983).
Vitamin D improves the absorption o f calcium. The ingestion of food or lactose along 
with the calcium source also appears to improve the overall calcium absorption, possibly 
by improving solubility (Allen and Wood, 1994). Fibre as well as phytate and oxalates 
may decrease calcium absorption and retention (Groff and Gropper, 1995).
Caffeine has been shown to cause increased urinary and faecal excretion of calcium 
(Massey and W hiting, 1993). A high dietary calcium intake prevents lead absorption 
but also decreases iron absorption by 49 % (Groff and Gropper, 1995).
Inadequate intake o f calcium can lead to osteoporosis and muscle spasms. Long-term 
deficient calcium intakes are also associated with the development of hypertension and 
colon cancer (Barger-Lux and Heaney, 1994).
Calcium toxicity can occur if the plasma calcium concentration times the plasma 
phosphorous concentration exceeds 2.2 mmol L"1 (A raaud and Sanchez, 1990). If  this 
occurs then the person is at risk o f developing calcium-containing kidney stones.
1.4.3.7 Manganese
Manganese has eleven oxidation states (+7 to -3), although only Mn2+ is stable in dilute 
solutions at neutral pH. The human body contains 12 - 20 mg o f manganese, most o f
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which is intra-cellular. About 25 % of this is in the skeleton and is relatively immobile. 
The highest concentrations are found in the pancreas and in the liver. Absorption occurs 
throughout the length o f the small intestine and systematic manganese homeostasis is 
achieved principally through hepato-biliary and intestinal secretion. The availability of 
manganese for absorption from the intestinal lumen is influenced by many factors, such 
as chemical form, presence o f chelating or complexing agents and the amount of calcium 
and phosphorous that is present. Manganese uptake is enhanced when the body is 
deficient in iron. Iron-manganese interactions are well known and are as a result o f their 
close position to each other within the Periodic Table. Once absorbed, manganese is 
complexed with albumin for transport to the liver, which is the main organ responsible 
for manganese metabolism. Manganese is then either excreted or bound to transferrin 
and a 2-macroglobulin, which are the proteins responsible for transporting manganese to 
the peripheral tissues (Leach and Harris, 1997).
Manganese is a component o f enzymes, such as pyruvate carboxylase, mitochondrial 
superoxide dismutase and arginase. It also plays a role in the activation o f many other 
enzymes, for example, hydrolases, glycosyl transferases, kinases, prolinase and 
phosphotransferases. Many diseases, although rare, are associated with manganese levels 
within the body, such as prolidase deficiency (a manganese activated enzyme) of which 
the clinical symptoms are fragility o f the skin with ulcerations and marked scar formation 
(Versieek and Cornells, 1989).
There is little evidence of manganese deficiency in humans; however, the enzymes 
mentioned will not function at an optimal level when there is a manganese deficiency.
Safe intakes for adults are believed to lie above 1.4 mg manganese per day. Estimates of 
dietary intakes have been reported to lie in the range of 2 - 5 mg manganese per day 
(Leach and H arris, 1997). Manganese is one of the least toxic elements as when it is 
consumed in excess, its absorption is very low. Furthermore, the manganese that is 
absorbed is efficiently excreted via the bile and kidneys. Toxic reactions are only seen in 
those occupationally exposed to manganese, for example, miners (Leach and H arris,
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1997). These toxic reactions were attributed to continuous absorption from inhaled dust 
rather than from the intestine. The condition can be treated with large doses of L- 
dihydroxyphenylalanine (L-dopa), as manganese acts like a neurotoxin, affecting specific 
areas o f the central nervous system (Leach and Harris, 1997).
1.4.3.8  Molybdenum
Molybdenum exists commonly in the form o f M0 O42", however, many other states exist 
(M o6+, M o5+, M o4+), allowing it to be a versatile biological redox catalyst (Schroeder et 
a l, 1970). The body of an average adult contains about 9 mg of molybdenum and it is 
concentrated mostly in the liver, kidney, adrenal gland, bones and skin (Passwater and 
Cranton, 1983).
Molybdenum is essential for the enzymes xanthine oxidase/ dehydrogenase, aldehyde 
oxidase and sulphite oxidase that are involved in the metabolism of DNA and sulphites 
(Rajagopalan, 1984). Control o f the enzymic activity in-vivo is thought to occur by a 
variety o f mechanisms including synthesis of the apoprotein, changes in molecular 
activity and product inhibition. In mammals, the level o f xanthine oxidase in the liver 
reportedly relates to the level o f protein (Miller, 1950), riboflavin, molybdenum and iron 
in the diet (DeRenzo, 1956) and inversely related to the vitamin E status of the animal 
(Catigaeni e ta l ,  1974).
Molybdenum can be efficiently absorbed when there are both high and low levels in the 
diet. It is transported in the blood, attached primarily to proteins in the red blood cells. It 
is in its highest concentration in the liver, kidney, adrenal gland and bone and at lower 
levels in the lung, spleen and muscle. Excretion is primarily via the urine.
Molybdenum deficiency in humans, due to a low dietary intake o f the element is rare, 
however, interruptions in the metabolism o f molybdenum can cause clinical conditions, 
such as seizures and mental retardation (Johnson, 1997).
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High dietary intakes (10 - 15 mg per day: 142 - 214 ng kg'1 per day) may be associated 
with altered metabolism of nucleotides and with impaired copper bio availability 
(Johnson, 1997). The symptoms of molybdenum toxicity can be similar to copper 
toxicity, namely poor growth, loss o f weight, anaemia, diarrhoea, dermatological changes 
and anorexia (Pitt, 1976). An adequate dietary intake is 0.075 - 0.250 mg per day 
(Johnson, 1997).
Molybdenum has interactions with several other elements, namely sulphur, copper, 
manganese, zinc, iron and selenium (Rajagopalan, 1984).
1.4.3.9 Iodine
Iodine can be in the form of elemental iodine, iodide (I") or iodates (I1+, I5+ or I7+). 
Iodides are able to function as ligands and form complexes, for example, A II3, Sil4. 
Iodates are strong oxidizing agents. The most common compounds are the iodides and 
iodates o f sodium (Nal, N aI03) and potassium (KI, K I03) (Watts, 2001).
Iodine forms part of the hormone thyroxine 3,5,3’,5’-  tetraioidothyronine (T4) and 3,5,3’- 
triiodothyronine (T3), which are necessary for the maintenance of metabolic rate, cellular 
metabolism and integrity o f connective tissue (Hetzel and Maberly, 1986).
The normal dietary intake of iodine is 100 pg. It is absorbed from the gut into the plasma 
and excretion is mainly via urine (Hetzel and Wellby, 1997). The healthy human adult 
body contains a total of 15 -  20 mg iodine, o f which 70 -  80 % is present in the thyroid 
gland. Iodide ions are concentrated by the thyroid and to a lesser extent by the salivary 
and gastric glands. Apart from these glands, iodide ions are then equally distributed 
throughout body tissues and form the iodide pool. About 20 % o f the iodine in blood is 
in the form of iodide and levels do not vary significantly with different thyroid states. 
Goitrogens, such as thiocyanates and perchlorates, interfere with iodide uptake by the 
thyroid. The quantities o f Ca, F, Mg and Mn ions in hard water may be goitrogenic 
(W atts, 2001).
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Iodine occurs in foods largely as inorganic iodides or iodates. Milk has become a major 
source o f iodine in the UK, as the levels in cows’ milk has increased over the years, due 
to increased levels o f iodine in the environment and supplemented cattle feed (DeUaville 
and Barbano, 1984).
High intakes o f iodine (2 mg or more per day) can cause toxic modular goitre and 
hypothyroidism (Delange, 1994). Deficiency of iodine (adults; < 10 pg per day) (Hetzel, 
1989) can cause endemic goitre, impaired growth and development (Thurston, 1970).
1.4.3.10 Cadmium
Cadmium is one o f the non-essential or toxic heavy metals. It occurs naturally at 
concentrations o f 0.15 - 0.20 mg kg"1 in the earth’s crust and its salts are present usually 
in small amounts in soils (0.01 -  2.5 pg L '1) and natural waters (0.03, 0.02 and 0.1 pg L"1 
in fiesh, river and seawater, respectively) (W ard, 2000).
However, the trace concentration o f cadmium in the soil can be increased daily by the 
settling o f airborne cadmium, through irrigation with cadmium-containing water, burning 
o f fossil fuels and particularly by high phosphate fertilisers and sewage sludge, which are 
heavily contaminated with cadmium. Some plants (rice and wheat) seem to concentrate 
the element. Tomatoes and potatoes also have higher than average cadmium levels. 
Animal products, particularly liver and kidney contribute cadmium to the diet (Passwater 
and Cranton, 1983). Fish and crustaceans are also heavily contaminated with cadmium 
even in unpolluted areas. Therefore, transmission of cadmium through food chains to 
animals and finally man cannot be avoided. There are no known biological functions o f 
cadmium, except that o f interference, inhibition and toxicity. It is fist posing a more 
serious health problem than lead. Inhaled cadmium is more effectively absorbed than 
ingested cadmium. In heavy smokers, cigarette smoke is a significant source o f cadmium 
(W ard et a l, 1987) and cadmium can cause low birth weight babies, i.e. to mothers who 
smoked whilst pregnant (Ward, 1991).
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A range of nutritional and physiological factors can modify the toxicity o f cadmium. 
These effects are sometimes associated with disturbances in the metabolism of essential 
elements but in many cases the accumulation of cadmium in tissues is also enhanced. 
The hazards associated with a particular level o f cadmium intake are not constant. Certain 
population groups, including the young, pregnant women and nutritionally deprived are 
more at risk from environmental exposure to the element. Cadmium concentrates in the 
kidney, arteries and liver. It causes damage ranging from kidney failure to high blood 
pressure (which can be caused by kidney damage) and hypertension (Schroeder, 1973). 
The kidney is rich in zinc-containing enzymes; thus, kidney damage could be as a result 
o f the competition between cadmium and zinc for binding sites in various enzymes and 
other proteins.
There is a lack o f an effective homeostatic control mechanism within the body for 
cadmium and as a result it has a long retention time within the body, usually bound to the 
protein metallothionein. Some elements have an antagonistic inter-relationship with 
cadmium and can therefore help to protect the body from its toxic effects. For example, a 
high calcium intake can partially protect against cadmium assimilation. Zinc, selenium, 
copper, iron and vitamin C can also reduce cadmium uptake and increase cadmium 
excretion (Passwater and Cranton, 1983).
1.4.3.11 Lead
Lead is one o f the most abundant pollutants o f the human environment. Its natural state 
is galena (PbS) (W ard, 2000). Humans are exposed to lead through water, food and the 
air. Several tonnes of industrial lead (from mining, smelting etc.) are poured into the 
atmosphere every year. As it settles back to earth, it covers the surface of soils and plants 
etc. Lead is also used to make such products as batteries, pigments, solders and pottery. 
Food can be contaminated through solder in tin cans, pesticide sprays and cooking 
utensils. Lead and the other metallic pollutants do not degrade, so slowly it insidiously 
works its way into the body and the brain.
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The average daily intake of lead has been estimated to be 300 - 600 pg per day, o f which 
the average adult absorbs 5 - 10 % (Ember, 1980). Although, the amount o f dietary lead 
received by most adults is very much dependent on the region in which they live.
The biochemical basis of lead toxicity indicates that there is no safe threshold for lead 
exposure. The disturbing possibility is raised that the consequences of lead absorption 
are irreversible as long as there is any organic lead present in the brain. Organic lead has 
a special affinity for lipid and nerve tissues, so once it works its way into the brain, lead 
clings to the nerve cells and disrupts the communication link between them (W ard, 
2000). As with many other elements, the physiological retention time of lead and its 
compounds depend on its location in the body (Passwater and Cranton, 1983).
Calcium, copper, zinc, iron, chromium, vitamin C and the B-complex vitamins all protect 
against the toxic effects o f lead. Most o f the nutrients work by decreasing the adsorption 
of lead, while others work by blocking lead from enzymes or reducing tissue build-up 
(Passwater and Cranton, 1983).
Lead toxicity normally occurs in acute cases, with symptoms such as headaches, anorexia 
and fatigue. Low-level lead poisoning decreases intelligence and affects language 
function and memory. Moderate-level poisoning can cause kidney damage and suppress 
the immune system, whereas a high-level o f lead can cause shortened life span and death 
(Passwater and Cranton, 1983).
These elements (described in sections 1.4.3.1 — 1.4.3.11) either play an important role 
within the human body or are toxic. Regardless of their importance or toxicity, it is 
equally important that their levels within human body fluids and tissues can be measured 
accurately. Section 1.5 reviews the analytical techniques available for both total and 
speciation analysis o f trace elements.
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1.5 Analytical Review
An analysis of the elemental status within the human body can be extremely helpful in 
the diagnosis and classification o f human disease states. However, both the total 
elemental content and the particular species must be determined, due to the different 
bioavailabilities and toxicities o f the various chemical forms.
1.5.1 Methods for total trace element analysis
Total trace element concentrations within a variety of body tissues and fluids can be 
measured by a variety o f different techniques. Classical methods such as colorimetry, 
spectrophotometry, fluorimetry and potentiometric stripping voltammetry are available. 
Atomic spectrometric techniques include atomic absorption spectrometry (AAS), atomic 
emission spectrometry (AES) and atomic fluorescence spectrometiy (AFS). These are an 
improvement on the classical methods as they have increased sensitivity, speed and 
accuracy and precision, however, they are more expensive (Vanhaecke and Moens, 
1999). Neutron activation analysis (NAA) and X-ray fluorescence (XRF) can also be 
used. Plasma source techniques available are inductively coupled plasma atomic 
emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry 
(ICP-MS) (Vanhaecke and Moens, 1999).
1.5.2 Methods for speciation analysis
When applied to biological tissues and fluids, speciation analysis relates specifically to 
the study o f the relationship between trace elements and the various ligands present, i.e. 
the valency o f the elements, their oxidation potential and to what ligands/ proteins the 
element is bound.
Direct speciation analysis can be carried out when enzymic activity is taken as a measure 
o f the concentration of the compound. Enzyme systems specifically affected by the toxic
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form of the element are being sought so that the inhibition of the enzyme activity can be 
taken as a measure o f the concentration of the toxic species (Behne, 1992).
Another possibility for direct speciation analysis is immunoassay. This method involves 
the formation o f a labelled complex using a specific antibody and antigen (the element 
compound in question). A quantitative measurement of this complex is then taken by 
means of the label. However, for this technique to be applicable, sufficient amounts o f 
the element species have to be isolated in a highly purified form -  for both the production 
o f the antibody and the labelled antigen. At present, this can only be achieved with a few 
compounds, as all that is known to date o f the many binding forms of trace elements is 
that they contain the element in question. Until better methods are available, separation 
techniques and analytical procedures have to be combined and speciation performed 
through determination o f the elemental content in separated fractions (Behne, 1992). 
This is the fastest growing area o f development and consequently, there is a wide 
spectrum of separation and detection methods available. Examples o f some of the 
separation methods available are shown in Table 1.8.
Table 1.8: Separation techniques (Dunneman and Schwedt, 1988).
Separation techniques Mode Type
Extractive Solid/ liquid, liquid/ liquid
Membrane Ultrafiltration, dialysis
Chromatographic Liquid chromatography Gel filtration (GF), ion-exchange 
(IE), adsorption, reverse-phase 
(RP), hydrophobic interaction, 
affinity, fast protein (FProt)
Gas chromatography Capillary, Packed
Electrophoresis Native, pore gradient
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Speciation schemes are a combination of all the separation and detection techniques, for 
example, liquid chromatography (LC), in particular high performance liquid 
chromatography (HPLC) or capillary electrophoresis (CE) can be used to separate the 
different chemical species present in the sample (such as the different protein fractions). 
Trace elements in these different species are then measured by introducing the eluent into 
a suitably sensitive detector. Some detection techniques available are shown in Table 
1.9.
Table 1.9: Detection techniques (Dunneman and Schwedt, 1988).
Detection
techniques
Mode
Total Atomic absorption spectrometry (AAS)
Inductively coupled plasma -  atomic emission spectrometiy 
(ICP-AES)
Inductively coupled plasma -  mass spectrometry (ICP-MS) 
Electrospray ionisation -  mass spectrometry (ESI-MS) 
Neutron activation analysis (NAA)
Photometry, Voltammetry, Polarography
Selective according 
to oxidation or 
binding states
Photometry (ligand exchange) 
Voltammetry
Potentiometry with ion selective electrodes
Characterisation of 
ligands
Molecular spectroscopy:
Infra-red (IR), Ultra-violet (UV) 
Fluorination - post column derivatisation
Detection can be achieved on-line through attaching the eluent line directly to the 
detector, or by collecting fractions off-line and introducing them one at a time into the 
detector. A chromatogram o f time-resolved peaks could be produced for each measured 
trace element. The peaks in the chromatogram correspond to trace element levels in the 
different separated chemical species in the sample.
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There is no simple way for deciding which specific hyphenated or direct method of 
analysis is optimal for a particular metal species in a particular sample matrix. A review 
of the methods chosen for speciation analysis o f certain elements and media is shown in 
Table 1.10.
Table 1.10: Review of speciation literature.
Method Element Media Reference
Chromatography Zn, Cu Serum Gless et al., 1994
LC Various Sarzanini, 1999
ICP-MS Various Body fluids and 
tissues
Vanhoe, 1993
ICP-MS Various Biological
materials
Amarsiriwardena et al., 
1997
FProtLC Cu Nederbragt and Moniek, 
1988
FProtLC-ICP-MS Al Human serum Montes Bayon et ah, 1998
FProtLC-ICP-MS Ca, Sr, Fe, 
Cu, Zn, Se, 
Mn, Cr, Pb, 
Al, Sn
Human serum Montes Bayon et al., 1999
FProtLC-ETAAS Al Human uremic 
serum
Soldado Cabezuelo et a l , 
1997
HPLC-ICP-MS Various Morita et al., 1980
HPLC-ICP-MS . Various Thompson and Houk, 1986
HPLC-ICP-MS Various Boomer et al, 1990
HPLC-ICP-AES,
HPLC-ICP-MS
Various Human milk 
whey and 
formulas
Bratter et al., 1998
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Table 1.10 continued:
Method Element Media Reference
HPLC-ICP-MS Various Sutton and Caruso, 1999
HPLC-ICP-MS with 
direct injection 
nebulisation (DIN)
As, Sn Shum et al., 1992A
Microbore LC-ICP-MS 
with DIN
Hg, Pb Urine Shum et al., 1992B
HPLC-ICP-MS-ESI-
MS
Se Urine Ogra et al., 2002
SEC Fe Caroli et a l, 1994
SEC Fe, Zn Human serum Raab and Bratter, 1998
SEC-HPLC-ICP-MS. Cd Pig kidney Crews, 1989
SEC-HPLC-ICP-MS Cd, Zn, Cu Mazon et ah, 1990
GF and electrothermal- 
AAS (ET-AAS)
Zn, Cu Human serum Gardiner et al., 1981
HPLC-ET-AAS Al, Fe Serum Van Landeghem et a l,  
1994
HPLC-AAS Al, Fe, Si, 
Hg
Biological
fluids
D’Haese et ah, 1995
Ultrafiltration-Graphite
fumace-AAS
Cu Serum Wang et a l, 2001
AAS, ICP-AES, AFS, 
ESI-MS
Se Xu et al., 2002
NAA, ICP-AES Se, Fe; Zn Human milk 
whey
Negretti de Bratter et al., 
1995
Affinity
chromatography-AAS
Zn Serum Foote and Delves, 1983
CE Se Environmental 
and biological
Pyrzynska, 2001
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Table 1.10 continued:
Method Element Media Reference
Affinity
chromatography-AAS
Zn Serum Foote and Delves, 1983
CE Se Environmental 
and biological 
samples
Pyrzynska, 2001
CE-UV, CE-ICP-MS Sn, Pb, Hg, 
As, Se
Sun et al., 2001
Protein technics Se Human body 
fluids.
Whanger et al., 1994
Various Se Environmental
matrices.
Review
Munos-Olivias et al., 1994
Various Se Review paper Dauchy et al., 1994
Speciation is very important because it is only after it has been performed that statements 
can be made on the mobility, resorption, bioavailability, accumulation and toxicity o f 
elements. Speciation is relatively easy if a property o f a particular compound can be 
measured directly in the sample without interference from other components o f the 
material, for example, the enzyme activities o f the metalloenzymes (Behne, 1992). 
However, direct speciation capabilities are rare, so the new combination procedures o f 
separation and detection techniques have been developed.
1.5.3 Limitations o f speciation analysis
The combination o f separation and detection procedures is indispensable and has several 
advantages, particularly when there is a lack o f direct analysis methods available. 
However, errors due to contamination or elemental loss can occur to an even greater 
extent than in the usual procedures for trace element determinations (Behne, 1992).
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It is not possible to devise a general methodology for the determination of trace metal 
species in biological fluids. The limitations o f speciation analysis need to be fully 
investigated and related to each individual analysis to ensure reliable results are obtained. 
The analytical method required and its performance characteristics (for example, limit o f 
detection, accuracy, precision and speed) depend on a variety of factors. These factors 
are the concentration of the element or species in the sample/ media of interest (for 
instance, blood, blood serum or organs), the variability o f this concentration, the 
subsequent use of the results and the number o f samples to be analysed.
The criteria for the hypothetically ideal method are:
• unequivocal identification of each element in the presence o f all others;
• qualitative and quantitative multi-element determinations;
• sub-nanogram limit of detection (LOD);
• no matrix, inter-element or interference effects;
• negligible instrumental or chemical blank;
• absolute quantitative results or realistic calibration with available reference 
standards.
The choice involves two aspects:
• extent of elemental coverage for a given method;
• limit o f detection obtainable by the method for different elements with highest 
and lowest sensitivity.
Clearly the limit o f detection will not be the same for each element, so a simultaneous 
multi-element approach will require compromises in experimental conditions affecting 
the accuracy and precision o f at least a few elements (Iyengar, 1989).
Throughout it is assumed that the biomolecule (biologically active molecule) and the 
trace element that are subsequently detected in the same fraction are associated with one
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another. Many things can invalidate this assumption, such as the complexity o f major 
and trace biocompounds in the fractions, fortuitous contaminations with trace elements 
and the break up of the original metal-protein binding. It is crucial that all factors liable 
to influence the distribution o f trace element containing species in living systems should 
be well understood and controlled, both before and after sample collection (Comelis and 
de Kimpe, 1994).
For speciation analysis, the samples collected for chemical analysis have to be 
representative o f the system under investigation and the integrity o f the chemical species 
has to be maintained. Changes in parameters, both during and after sampling, such as 
temperature, ionic strength, pH, partial pressure of certain constituents, redox potential, 
oxygen tension and the amount o f ultra-violet (UV) light to which the sample is exposed, 
can all affect the distribution o f chemical species. Therefore, excessive dilution o f the 
sample, addition of preservatives, anticoagulants and protein denaturing, oxidising or 
reducing reagents should be avoided (Gardiner, 1988).
Obviously, any procedure adopted for the preservation of samples should not disturb the 
equilibria established among the species (Van Loon and Barefoot, 1992). Freezing can 
destroy the three-dimensional structure o f proteins; consequently, some enzymes may be 
inactivated (Dawes, 1964). However, cooling the sample might slow down reactions in 
the sample that would otherwise disrupt the complexes or completely change the 
distribution profile o f a given element. Samples should be processed as soon as possible 
after collection. Preparation is an extremely critical step, as the original sample has to be 
transformed into a form that can be subjected to analysis but the original distribution o f 
an element must not be altered. Generally, as the amount o f sample preparation increases 
so too does the risk o f alteration (Vanhaecke and Moens, 1999).
It must be taken into consideration that some factors, for example, person-to-person or 
region-to-region variations, occupational exposure and physiological state of the subject, 
may also influence the chemical speciation o f a given element in body fluids (Das et a l ,
1996). It has been shown that the concentration o f protein-bound serum zinc in human
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blood plasma varies depending on whether the sample was taken from a patient who was 
standing or lying in a recumbent position (Das et a l, 1996).
A further problem is that most o f the reference materials available for trace element 
determination in biological samples are only certified for total element content and not 
for elemental species.
This research involves the analysis o f human body fluids, which are extremely complex 
matrices. In addition to all o f the previous mentioned problems, there are complications 
associated with the individual analytical techniques. For example, despite its sensitivity, 
AAS only offers single element capabilities. NAA offers multi-element detection 
capabilities but on the other hand, its application is time consuming and depends on the 
availability o f a high neutron flux density irradiation source. ICP-MS offers the 
analytical advantages of a linear dynamic range o f several orders and good 
reproducibility and detection capabilities for the elements of current clinical interest 
(B ratter et a l, 1988). However, the analysis o f selenium by ICP-MS is hindered by the 
fact the major isotopes o f selenium have argon interferences, i.e. 78Se+ and 80Se+ by 
40Ar38Ar+ and 40Ar40Ar+, respectively. Therefore, for total elemental analysis, isotope 
82Se+ was used and for speciation analysis, a hexapole ICP-MS, namely the Platform™ 
ICP-MS (Micromass UK Ltd.) was used so the aforementioned argon interferences could 
be removed, allowing a lower limit o f detection to be achieved (section 5.6.1.1).
Serum contains thousands o f different compounds although there is little variability in 
total ionic strength. The main components of serum are albumin, immunoglobulin and 
transferrin. These constituents can be separated by submitting them to ion-exchange 
chromatography, but each fraction may still contain many other compounds. Further 
fractionation is needed to yield more simple mixtures. Developments in biotechnology 
are focusing on systems that offer increasing resolution and specificity but at the same 
time, the amounts that can be processed are becoming more minute. As the proteins 
carry just one to four atoms per molecule, the diluted fractions o f the isolated proteins, 
more often than not, contain trace elements far below the limit o f detection of current
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analytical methods. Therefore, the solution could lie in working on an industrial “pilot” 
plant scale. Large volumes would be processed in a sequence o f separating systems, 
ending with a concentrating step to undo the dilution effect (Cornelis and de Kimpe, 
1994).
An additional hindrance with “high-tech” biofractionation methods is that they were not 
designed to meet the requirements for trace element determinations and present huge 
hazards, such as contamination and elemental loss. Buffer solutions, column packing and 
other reagents with sufficiently low blank values are not yet commercially available. 
Impurities that could leach out o f any container walls are another threat. High 
performance liquid chromatography has the disadvantage that the housing for the packing 
material is made from stainless steel, which has highly questionable properties for ultra­
trace work on elements such as Cr, Fe, Mo, Ni and V.
Contamination hazards and insufficient sensitivity to detect the element are just two of 
the major obstacles in speciation work on trace elements in biological fluids. They can 
be partially remedied by performing feasibility studies with in-vivo and in-vitro 
radiolabelled compounds.
Awareness of all o f the limitations o f speciation analysis is essential. The amount of care 
required with collection, storage and preparation o f samples, the drawbacks o f specific 
techniques, the low limit o f detection after a separation procedure (dilution effects), the 
danger o f contamination or loss o f small traces o f metals in the low concentration range 
and the severe changes of the native binding forms all have to be taken into account to 
avoid false conclusions.
1.6 Aim and Objectives of Thesis
Various studies have linked trace element imbalances as a cause and/ or effect of human 
infertility, using in many cases seminal plasma or follicular fluid as the sample media. 
However, some o f the literature values are highly questionable, because of poor sample
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collection and preparation procedures. Moreover, total trace element levels o f biological 
fluids have a limited use in assessing chemical bio availability and toxicity. No studies 
have as yet been published on the trace element speciation of blood serum, seminal 
plasma or urine, or on the effect o f supplementation or diet modification on the species 
content of these fluids.
The aim of this thesis was to carry out total elemental analysis on human body fluids in 
an attempt to obtain diagnostic markers for types o f infertility and selenium speciation 
analysis on human body fluids in the hope of understanding the effect of consuming 
various forms o f selenium supplements.
Specific objectives were:
• to develop analytical methods for detection of the total elemental composition 
(Se, Fe, Cu, Zn, Mg, Ca, Mn, Mo, I, Cd and Pb) o f various matrices namely, 
blood serum, follicular fluid, seminal plasma, endometrial fluid, urine and 
scalp hair;
•  to develop an analytical method for the detection o f selenium species within 
blood serum, seminal plasma and urine;
• to validate the developed total elemental methods through the use of certified 
reference materials, spike recoveries and inter-laboratory comparisons;
•  to validate the methodology for speciation analysis by repeat analysis and the 
use of different HPLC separation modes (as no certified reference materials 
are available);
• to investigate the effect, if  any, that psychological stress has on human 
infertility status through detection of specific trace element levels;
• to establish whether there is link between stress-hormone and trace element 
levels in relation to human infertility;
• to determine whether trace element levels in blood serum, follicular fluid, 
endometrial fluid and scalp hair vary between females who have either tubal 
or unexplained infertility and are undergoing IVF treatment;
55
• to establish whether a particular type of selenium species is more appropriate 
for dietary supplementation, through an investigation into various commercial 
selenium supplements and there effect on the total and species levels of 
selenium found in blood serum, seminal plasma and urine.
Chapter Two discusses the instrumentation and the analytical methodology that is used to 
achieve the aim and objectives o f this research.
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Chapter Two 
Instrumentation and Analytical Methodology
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2.0 Introduction
Numerous analytical techniques can be used to determine the level of trace elements 
within biological matrices. However, flame atomic absorption spectrometry (FAAS) and 
inductively coupled plasma mass spectrometry (ICP-MS) are discussed, as they are the 
techniques that were available for use throughout this research. In addition, the analytical 
methodology is outlined, because in order to have confidence in the accuracy and 
precision o f results, the instrumentation and methodology in use needs to be optimised 
and developed for both the sample matrix and the analyte(s) o f interest.
2.1 Flame Atomic Absorption Spectrometry
2.1.1 Principles o f FAAS
Flame atomic absorption spectrometry (FAAS) is based upon ground state electrons o f an 
element, absorbing radiation o f a characteristic wavelength (energy) from a light source, 
which promotes these electrons to a higher, more excited state. Only atoms in the ground 
state are involved in this process, therefore ionisation must be kept to a minimum. This is 
achieved through the use o f a flame or graphite furnace for atomisation, as their 
temperatures do not generally exceed 3000 K (Vandecasteele and Block, 1993). The 
determination o f the population o f a given state can be carried out using Boltzmann’s 
Law (Equation 2.1):
NUpper/N lo»er =  exp (-AE/i<T) (Equation 2.1)
where Nupper = number o f particles in the upper (excited) state, Nlower = number o f 
particles in the lower (non-excited) state, T = absolute temperature (K), k = Boltzmann’s 
constant and AE = difference in energy between states.
The radiation diminishes at certain frequencies. The amount by which this occurs is 
directly proportional to the number o f atoms that were absorbing it. Therefore, it is also
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directly proportional to the concentration of the atoms in the groimd state, i.e. the 
concentration of the element. By measuring the amount of radiation absorbed, a 
quantitative determination o f the amount o f analyte can be made (Vandecasteele and 
Block, 1993, Ebdon et al., 1998). This principle is an analogy of the Beer-Lambert Law 
(Equation 2.2):
A = log (Iq/I) = kv/ log e (Equation 2.2)
where A is absorbance, I0 the incident intensity light, I the transmitted light intensity, kv 
the absorption coefficient and / the path length. In practice, this relates to a linear 
relationship and a calibration curve, so the concentration can be calculated using the least 
squares method.
2.1.2 Instrumentation o f a flame atomic absorption spectrometer
A flame atomic absorption spectrometer consists o f a primary radiation source (that 
produces the radiation to be absorbed), a source o f free atoms with an associated sample 
introduction system, an optical dispersive system, a detector and electronics for data 
acquisition, processing and editing.
Hollow Cathode 
Lamp
Detector
Flame 
\
o -
t
Grating
R i  i r n o r  X — ---------■— <  SBurner
x
Monochromator
Sample
Figure 2.1: Typical instrumentation of a flame atomic absorption spectrometer (adapted 
from Ebdon et ah, 1998).
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A Perkin Elmer Model 5000 spectrometer (Perkin Elmer, Conneticut, USA) was 
available for use. The primary radiation source is a hollow cathode lamp (HCL), which 
consists o f a glass container with a quartz window. The anode is made from tungsten, 
while the cathode comprises of a hollow cylinder that is covered with the element (or an 
alloy o f the element) to be determined. It is set to emit radiation characteristic o f that 
particular element. A voltage o f 300 V (corresponding to a current o f 1 - 50 mA) is 
applied between the electrodes. The inert gas (Ne or Ar) held under vacuum within the 
lamp is ionised and the positive gas ions are accelerated to the cathode. The 
bombardment o f these ions on the inner surface of the cathode causes some atoms of the 
cathode to be transformed into gaseous ions -  a process known as “sputtering”. Further 
collisions excite these metal atoms and a characteristic spectrum of the metal is produced 
(Ebdon et al., 1998). The intensity o f the radiation emitted increases with increasing 
current. However, if the current is too high, Doppler broadening (thermally induced 
movement of atoms relative to the spectrometer) and self-absorption can occur (Ebdon et 
al., 1998). As a result all HCLs have a stated maximum current.
Other sources of primary radiation are the electrodeless discharge lamp (EDL) and the 
multi-element hollow cathode lamp (MEHCL). EDLs emit radiation that is at least ten 
times more intense than that o f the corresponding HCL. However, there is a lack of good 
commercial EDLs for some elements and furthermore their stability is not as good as that 
for the HCL. MEHCLs are less satisfactory, due to the different volatilities of the metals.
In general, the requirements o f a radiation source are that they must have a narrow 
resonance line profile, a stable and reproducible output, a high signal-to-noise ratio, be 
easy to start, have a short warm up time and a long shelf-life (Vandecasteele and Block, 
1993).
The atomisation cell available is a flame cell. The sample is introduced to the flame cell 
as an aqueous solution. The sample is drawn up through the capillary by decreased 
pressure (created by the expanding oxidant gas at the end o f the capillary or Venturi
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effect) and is broken into a spray of fine droplets. The droplets are turbulently mixed 
with additional oxidant and fuel gases and then they pass into the burner head and the 
flame where nebulisation occurs. The width and length of the burner slot are important. 
A narrow slot allows better cooling and stability, although “clogging” is more likely to 
occur. Air-acetylene flames generally have a burner slot o f 100 mm (Ebdon et a l, 1998).
The sample transfer is only about 10 %, resulting in 85 - 90 % of the sample being lost as 
large droplets, which subsequently pass down the drain (Vandecasteele and Block, 
1993).
Energy supplied by the flame for dissociation and atomisation o f the sample is directly 
proportional to the flame temperature. Small changes in the fuel-to-oxidant ratio can 
alter the flame temperature, for example, fuel rich flames are generally cooler. Varying 
the actual fuel gases can also cause large changes in temperature, as shown in equations
2.3 and 2.4:
Air -  acetylene C2H2 + 0 2 + 4N2 -> 2CO + H2 + 4N2 (2540 K)(Equation 2.3)
Nitrous oxide - acetylene C2H2 + 5N20  -> 2C 02 + H20  + 5N2 (3150 K)(Equation 2.4)
Air and acetylene are the only gases available for use. This type o f flame is stable and 
simple to operate. It can produce sufficient atomisation so both good sensitivity and the 
break down o f refractory compounds (that may react with or physically entrap the 
analyte) can be achieved.
Within the spectrometer, radiation is chopped to eliminate the background signal that 
arises from radiation caused by self-emission from the sample. An electronic amplifier 
can be synchronized with the grating, so that the signal component generated by this self­
emission is not detected. This “lock and key” effect is a unique feature o f atomic 
absorption spectrometry (AAS), which gives it a high degree o f selectivity (Ebdon et ah,
1998). The utilisation of the narrowness o f the absoiption line from the radiation source
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means that the wavelength selector only has to isolate the line o f interest from other lines 
emitted by the radiation source.
2.1.3 Limitations of FAAS 
The major limitations of FAAS are as follows:
• the sample introduction system, (nebuliser/ expansion chamber) that is used is 
inefficient (< 1 0  % transport efficiency) and requires large volumes o f 
aqueous sample (Browner and Boom, 1984);
• residence time (the length o f time that the atom is present in the flame) is 
limited due to the high burning velocity of the gases, thus leading to rather 
high limits o f detection;
• an inability to analyse solid samples directly (solids require dissolution prior 
to analysis);
• it is a relatively slow procedure, as only one element can be measured at any 
one time;
• chemical, physical and spectral interferences.
These limitations can be overcome in some cases, for example, to achieve greater 
sensitivity a graphite furnace atom cell could be used. For specialist applications, both 
hydride generation and cold vapour techniques could be employed, especially for 
germanium, selenium, arsenic, tin, antimony, tellurium, lead, bismuth and mercury 
(Vandecasteele and Block, 1993).
Like all other analytical techniques, FAAS has errors and interferences associated with it. 
Errors are minimised by the use o f a line source and the ratio method (Iq/I) (Equation 
2.2). There are three types o f interferences, namely chemical, physical and spectral. 
Chemical interferences create the most severe problems. They are caused by reactions in 
the atomisation cell, which remove analyte atoms so, the atomic concentration and 
consequently, the absorbance is decreased. This can be caused by compounds o f a lower
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volatility being formed between the analyte and anions, for example, refractory oxides. It 
can also be caused through the formation o f involatile salts, which hinder atomisation, for 
example, S 042' and P 0 42* on calcium. This can be counteracted by using a flame with a 
higher temperature or through the addition o f La3+ (a releasing agent), which reacts with 
the P 0 42' and frees the calcium (Ebdon et al., 1998).
Spectral interferences occur when the absorbance or emission wavelength of an 
interfering or polyatomic species lies too close (< 0 .0 1  nm) or overlaps with the 
absorbance of the analyte signal, meaning that the monochromator cannot resolve the two 
lines. However, these interferences are generally not too severe as resolution is provided 
by the “lock and key effect” (Dean, 1997). When spectral interferences do occur, the 
best way o f dealing with them is to choose another wavelength (at the cost of sensitivity), 
use a D2 lamp, Zeeman background correction or a Smith-Hieftje system (Dean, 1997).
Physical interferences are independent o f analyte type. They can be the result o f changes 
in the viscosity o f the solution, which affect the aspiration rate and therefore the atomic 
concentration in the flame. The viscosity o f samples and standards can be different, for 
example, if the sample contains organic components that the standard does not contain. 
Errors due to these changes can be avoided by matrix-matching the standards and 
samples (Vandecasteele and Block, 1993).
2.1.4 Limit o f detection
The limit of detection (LOD) is taken as the mean of the blank plus three times the 
standard deviation (SD) o f the blank. The LOD varies for each element and therefore, 
needs to be investigated. Reported LOD values for FAAS (pg L'1) are: magnesium = 0.1, 
cadmium = 0.5, zinc = 0.8, copper = 1, iron = 3, aluminium = 30, mercury = 200, boron = 
700, lanthanum = 2000 (Vandecasteele and Block, 1993, Ebdon et al., 1998). These 
LOD values can be improved by using alternative sample introduction techniques, such 
as a graphite furnace or cold vapour hydride generation.
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2.1.5 Linear dynamic range
The linear dynamic range (LDR) is limited by the propensity for self-absorption in the 
flame and hence, is generally no more than three orders of magnitude (that is from 0 .0 1  to 
10 pg mL'1) (Ebdon et al., 1998). Generally, calibration curves are non-linear when the 
absorbance value is greater than 0.5 -  1.0 and flattens out when the absorbance value is 
around 1.5 - 2 .0  (Vandecasteele and Block, 1993).
2.1 .6 Precision
Precision (based on coefficient o f variation, CV %) is generally 0.3 -  1.0 % when 
absorbances are greater than 0.2 -  2.0 units for FAAS. Random error and noise limits 
accuracy to 0.5 -  5 %. Systematic error can occur because o f spectral and chemical 
interferences (Vandecasteele and Block, 1993).
2.2 Inductively Coupled Plasma Mass Spectrometry
Inductively coupled plasma mass spectrometry (ICP-MS) arose through the need for a 
multi-element technique with superior limits o f detection. It was Gray in 1975, who first 
discovered the possibility o f a direct current plasma mass spectrometry (DCP-MS) 
technique. Unfortunately, DCP-MS had problems with significant interferences and 
elements with an ionisation energy of less than 9 eV, giving a low ion yield. Research 
into ICP-MS commenced because it was believed that an inductively coupled plasma 
(ICP) would lead to an improvement. This led to the first ICP-MS publication in 1980 
(Houk et al., 1980). In 1983, the Canadian Company Sciex (now Perkin Elmer Sciex) 
introduced the first commercial ICP-MS instrument (the Elan) at the Pittsburgh 
Conference. Since then the interest in ICP-MS has increased rapidly.
ICP-MS is now a veiy important technique for trace and ultra-trace elemental analysis. 
This is due to its high sensitivity, multi-element and isotopic capabilities, large linear 
dynamic range and high sample throughput. A Finnigan MAT SOLA quadrupole ICP-
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MS (Finnigan MAT, Hemel Hempstead UK) and a Platform™ hexapole ICP-MS 
(Micromass UK Ltd., Manchester, UK) were used throughout this research and are 
discussed.
2.2.1 Principles o f ICP-MS
The basic principles of ICP-MS involve the sample being introduced as an aerosol in a 
stream of argon gas, directly into the middle o f the plasma. It is then desolvated, 
vaporised and ionised, before a small portion is extracted through differentially 
pressurised stages into the vacuum system. A mass analyser separates the positively 
charged elemental ions according to their mass to charge ratio (m/z) and the data is then 
acquired by one o f two systems, namely the channel electron multiplier or the Faraday 
cup, depending on the intensity o f the emerging ion beams.
2.2.2 Instrumentation o f an inductively coupled plasma mass spectrometer
The instrumentation of an ICP-MS can be split into six areas, namely sample 
introduction, inductively coupled plasma, sampling interface, ion beam focusing unit, 
mass spectrometer and data acquisition system.
2.2.2.1 Sample introduction
Several methods are available to introduce the sample to the ICP. The choice is 
dependent upon the sample type and the analyte(s) o f interest, along with their 
concentration in the sample matrix. Three forms of sample introduction have been used, 
namely pneumatic solution nebulisation (PSN), electrothermal vaporisation (ETV) and 
hydride generation (HG).
Nebulisers are the conventional method for the injection of a sample as a liquid into the 
plasma. Typical systems consist o f a peristaltic pump, which delivers the sample at a 
constant rate to the nebuliser and then the sample passes through a spray chamber, which
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separates the sample into large and small droplets. An aerosol o f small droplets of 
analyte is then transferred to the plasma by a stream of argon gas (nebuliser gas flow). 
In the plasma, a transfer o f energy occurs to the sample, which causes desolvation, 
vaporisation, atomisation and ionisation o f the constituent elements (Vandecasteele and 
Block, 1993).
There are three main types o f nebulisers, namely pneumatic solution, Babington and 
ultrasonic. A pneumatic nebuliser is available for use and it utilises the Venturi effect to 
draw sample solutions into the spray chamber. There are three types of pneumatic 
nebulisers: cross flow, concentric or V-groove. A V-groove pneumatic nebuliser is 
available for use and it has the advantage o f being capable o f analysing up to 1 % solid in 
solution.
Electrothermal vaporisation (ETV) as a mode of sample introduction operates by 
electrically heating the sample into a vapour. The benefit o f this is that it is possible to 
ensure that a large number o f atoms reach the plasma and that the sample matrix is 
destroyed. ETV involves a small volume o f the sample being applied to a metal filament 
or graphite tube, which is then carried through a temperature programme. This 
programme includes a variety o f steps o f varying temperature and duration, namely:
• drying (typically -1 2 0  °C);
•  ashing (typically -  400 °C);
•  volatilisation (typically > 2000 °C);
• cleaning (> volatilisation temperature).
The advantages o f ETV over PSN are that only a veiy small volume o f sample is required 
and there is a dramatic improvement in analyte transport efficiency (> 60 % versus < 4  
%) resulting in an improvement in sensitivity of at least one order o f magnitude. In 
addition, the ashing of the matrix before the analytes are introduced to the ICP-MS 
allows difficult samples (such as those with high levels o f dissolved solids) to be 
analysed without jeopardizing the performance o f the plasma. Levels o f molecular ions
66
are also reduced, so spectroscopic interferences are lower. ETV also allows for less 
sample preparation, so the risk o f contamination and analyte loss is minimized.
The determination of certain elements in biological fluids by conventional PSN-ICP-MS 
is hampered by spectroscopic interferences. Selenium in particular has a spectroscopic 
interference on all of the available natural isotopes, as shown in Table 2.1.
Table 2.1: ICP-MS interferences on selenium isotopes.
Isotope (abundance) Interference
,4Se+ (0.9 %) 
76Se+ (9.0 %) 
77Se+ (7.6 %) 
78Se+ (23.6 %) 
80Se+ (49.7 %) 
82Se+ (9.2 %)
y4Ge+, 3SAr36Ar+ 
76Ge+, 40Ar36Ar+ 
40Ar37Cl+ 
78Kr+, 40Ar38Ar+ 
40Ar40Ar+ 
82Kr+
Source: Churchm an, 1997.
The resolution required to separate these interfering ions from the selenium isotopes is 
not possible by quadrupole ICP-MS. In addition to this, selenium has a very high first 
ionisation energy o f 9.75 eV, so the degree of ionisation in the plasma is only about 30 
%, thus sensitivity is relatively low (Jarvis, 1992). Biological fluids contain extremely 
small levels o f many trace elements, so a small dilution factor is desirable. However, a 
small dilution factor cannot be used due to the high levels o f sodium etc., which are also 
present in biological fluids and can cause potential non-spectroscopic interferences. A 
GBC 3000 continuous hydride generator (GBC Scientific Equipment, Guildford, UK.) is 
available for use. Hydride generation (HG) can significantly increase sensitivity by 
increasing the sample deliveiy rate and separating the element from the main sample 
matrix by forming the covalent hydride, which is more readily atomised:
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En+
NaBEfi + 3H20  + HC1 -> H3BO4 + NaCl + 8 H+ -> EHn + xH2 (Equation 2.5) 
where E is the hydride forming element, n is its oxidation state and x is equal to '/2(8-n).
Another advantage of HG over PSN is that matrix-related interferences are reduced 
because selenium is chemically separated from the other matrix components. Other 
elements that form a hydride are germanium, arsenic, tin, antimony, tellurium, lead and 
bismuth. The efficiency o f HG is dependant on a number o f factors, for example, the 
NaBH4 and chloride concentrations and the oxidation state of the metal (all hydride 
forming metals must be in the reduced state in order to form the hydride).
2.2.2.2 Inductively coupled plasma
An inductively coupled plasma (ICP) is a well-characterized high temperature source, 
which is suitable for atomising and ionising elemental species (Date and Gray, 1989).
in Argon
Figure 2.2: Inductively coupled plasma (Dudding, 2000).
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The ICP is formed within a quartz torch in an appropriate high frequency, electric field. 
The torch consists of three concentric quartz tubes. The outer gas flow is known either as 
the “plasma”, “coolant” or “support” gas flow and is introduced tangentially into the 
torch. It serves as the primary plasma gas and also centres and stabilizes the plasma. The 
central gas flow is known as the “auxiliary” gas flow and is used to adjust the position o f 
the axial plasma relative to the torch. The inner gas flow known as the “nebuliser” gas 
flow transports the analyte to the plasma. It actually punctures the plasma, forming a 
central channel where atomisation and ionisation takes place (Vandecasteele and Block, 
1993). A radiofrequency (RF) power o f 27.12 to 40.68 MHz is coupled to the torch 
through a “load coil” to form an oscillating magnetic field, whose lines of force are 
axially orientated inside the quartz tube and follow elliptically closed paths outside the 
coil (Fassell, 1977). The plasma is formed when a spark is used to seed electrons, which 
are subsequently accelerated by the magnetic and electric field vectors, so that their 
energy is sufficient to cause ionisation o f the argon gas. The plasma becomes self- 
sustaining because o f collisions o f electrons with gaseous atoms and ions, causing further 
ionisation. A portion o f this energy is then transferred to excite and ionise the analyte 
(Zoorob et ah, 1998, Sutton and Caruso, 1999). In general, ions are sampled at a 
distance o f approximately 10 mm from the induction coil, where the temperature is about 
7500 - 8000 K. The degree o f ionisation can be calculated by the Saha equation 
(equation 2.6 and 2.7):
Ki = (nm+ x He)/ nM (Equation 2.6)
K j  =  ionisation constant, n =  number o f electrons, ions and atoms per cm3.
Ki = 4.83 x 10I5T3/2 (Zm+(T)/ Z^T )) exp (-Eio„/kT) (Equation 2.7)
where Z m and Zm' are the partition functions for the atomic and ionic states, k the 
Boltzmann’s constant, T the absolute temperature and E10n the ionisation energy.
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At a temperature of 7500 K and an electron density o f 1015 cm"3, singly charged positive 
ions are efficiently formed for more than fifty elements to an extent o f > 90 %.
2.2.2.3 Sampling interface
A sampling interface is required between the ICP and the mass spectrometer (MS) 
because the ICP operates at an atmospheric pressure of 1 atm, 7000 K and the MS 
operates at a vacuum of 10"5 millibar, room temperature. This interface consists of a 
system of nickel or platinum cones. Nickel cones are used as they have high thermal 
conductivity, are fairly robust and are resistant to corrosion. Typical ICP-MS systems use 
a two-cone set-up, however, the Finnigan system uses a three-cone set-up. The singly 
charged ions produced by the ICP are extracted from the atmospheric plasma into the 
low-pressure mass spectrometer through this interface. This occurs because o f the 
pressure differential over the cones, as gas flows through the orifice it carries ions along. 
The sampling cone is first and is found approximately 14 mm from the end o f the torch 
(also known as the sampling depth) and has an aperture o f 1.1 mm at its tip. Expansion 
o f the gas then occurs in the low-pressure region behind the cone, before a fraction of the 
ions pass through another cone, known as the skimmer cone. This is located 8 mm
o t
behind the sampler cone and has an aperture o f 0.8 mm. An 18 m h" rotary pump 
evacuates the interspace between the cones to approximately 2 - 3  mbar. The third cone, 
known as the accelerator, is found a further 8 mm behind the skimmer cone with an 
aperture o f 1 mm. By applying a negative charge to it, the positive ions passing through 
the skimmer can be focused to the mass analyser. Negative ions are repelled and neutral 
particles diffuse to the vacuum pump (Vandecasteele and Block, 1993). A 330 L sec"1 
turbomolecular pump maintains a vacuum of around 1 x 10‘3 mbar, so it evacuates the 
space prior to the ion lenses and the analyser housing. A further turbomolecular pump 
holding a higher vacuum is located in the collector housing where the electron multiplier 
is located. A second rotary pump backs up all three o f the turbomolecular pumps 
(Vanhoe, 1993, Sutton and Caruso, 1999).
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2.2.2.4 Ion beam focusing unit
The ion beam focusing unit on the Finnigan Mat SOLA consists of a series o f 
electrostatic lenses, which focus the ions into the quadrupole mass spectrometer. These 
lenses are positioned so that by varying the potentials applied to each of them, the ion 
beam can be steered to the mass spectrometer. The ion lenses are very effective as the 
axis o f the mass spectrometer is actually off-line from that of the ion beams original path. 
This configuration minimizes the background signal from photonic discharge caused by 
the plasma. Modem instruments have a “photon stop” which is a disc that stops photons 
reaching the detector.
Analyser Turbo
%
Intermediate 
Turbo
u
Rotary
Pump
Figure 2.3: Ion beam focusing unit (Dudding, 2000).
The number of ions carried through to the mass spectrometer must be maximized to 
increase sensitivity. Optimisation o f the applied potentials can be carried out to steer the 
ion beam directly to the detector. Ions of different mass will have different kinetic 
energies and therefore do not have the same path through the system. To ensure 
maximum ion transmission, the unit must be able to transmit ions of differing mass with 
the same efficiency. As only one set o f ion lens conditions is used, a variation o f 
sensitivities throughout the mass range can be observed, although multi-element analysis 
is still possible without a significant loss in sensitivity (Date and Gray, 1989).
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2.2.2.5 Mass spectrometer
A combination of radiofrequency (RF) and direct current (DC) voltages are applied to 
each pair of rods within the mass spectrometer, thereby creating an electric field within 
the region bounded by the rods. Depending on the RF/DC ratio, the electric field 
between the rods allows ions within a narrow mass to charge (m/z) range (0.8 m/z) to 
pass through (Ebdon et al., 1998). Therefore, at a given time only ions with a particular 
m/z ratio emerge and are detected. A full mass spectrum can be obtained by varying the 
potentials applied to the rods (Vanhoe, 1993).
A quadropole is four metal rods of hyperbolic cross section. The quadrupole mass 
analyser can only be operated in sequential mode but the speed with which this can be
achieved makes it seem to like simultaneous mass analysis.
Figure 2.4: Instrumentation o f an inductively coupled plasma mass spectrometer 
(Dudding, 2000).
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The typical resolution obtained by a quadrupole gives peak widths o f between 0.7 and 0.8 
mass units. This resolution is limited by the stability and uniformity o f the RF/DC field 
and by the spread in the ion energies. For most applications, quadrupole resolution is 
sufficient. However, higher resolution is sometimes necessary for certain applications 
and specifically for the removal o f polyatomic interferences or spectral overlaps 
(Vandecasteele and Block, 1993). This can be achieved through a magnetic sector 
instrument or through the chemistry o f a hexapole instrument with collision cell 
technology (Vandecasteele and Block, 1993). A hexapole collision cell is used to 
thermalise the ions and to dissociate molecular ion interferences (Turner et al., 1997). It 
works as an ion optical system and is inserted between the interface and the quadrupole 
mass analyser at an off-axis position (no photon stop) as shown in Figure 2.5. Hydrogen 
is used as the collision gas and collision induced reactions occur as shown in equations 
2 .8-2.10:
■ hydrogen atom transfer ArAr+ + H2 —> ArArH+ + H (Equation 2.8)
■ charge transfer ArArH+ + H2 -> H3 + ArAr (Equation 2.9)
■ proton transfer ArAr4 + H2 —» H2+ + Ar (Equation 2.10)
These reactions cause dissociation o f some argon molecular ions (ArO4, ArC+, ArN+, 
ArH+ and A ^4) (Feldman et at., 1999).
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Figure 2.5: Platform™ hexapole ICP-MS instrumentation (Micromass UK. Ltd.).
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Figure 2.6 shows a comparison between the signal at mass 80 when hydrogen is and is 
not used as a hexapole gas; mass 80 is heavily affected by an argon interference i.e. 
40Ar40A r\ when hydrogen is not used (as shown on the left).
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Figure 2.6: Signal at mass 80 without and with the use of hydrogen as a hexapole gas.
As a result the combination of hydrogen gas and hexapole technology allows the analysis 
o f the major isotope o f selenium, namely 80Se4 and therefore, a lower limit o f detection 
can be achieved as shown in Figure 2.7, which shows the large signal achieved for 10 ng 
mL'1 selenium.
Figure 2.7: Signal achieved for 10 ng mL'1 selenium using hexapole technology.
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2.2.2.6 Data acquisition
Mass resolved ions emerging from the mass spectrometer are detected off-axis by either 
the channeltron electron multiplier or the Faraday cup, depending on the intensity o f the 
ion beam.
Amplifier and Discriminator 
for Ion Counting
Figure 2.8: ICP-MS detector systems (Dudding, 2000).
The pulse counting mode of the channeltron electron multiplier is the most sensitive. A 
high voltage of between - 2600 and - 3500 V is applied to the multiplier, which attracts 
ions to it. When a positive ion collides with the inner coating o f the multiplier, an 
ejection o f one or more secondary electrons occurs. These are accelerated down the tube 
by the potential gradient and collide with the wall resulting in further electron ejection. 
The result is a large electron pulse with a gain of 107 - 108 over the original ion collision. 
The electron pulses are read at the base o f the multiplier and are ~ 50 - 100 mV and 10 ns 
in duration. The multiplier is robust and can tolerate gas pressures up to 10'5 mbar. It has 
a reasonably long-life, low background count rates, relatively high electrical gain and a 
fast response. Its main problem is the low tolerance to high currents generated by strong 
ion beams, in which case the Faraday cup is used. The Faraday cup is an analogue
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detector, which has poorer sensitivity than the pulse counting electron multiplier. Its 
main advantage is its simplicity, as it is essentially only a metal plate that is used to 
measure the ion current. It also does not suffer from burn-out like an electron multiplier 
(which must be periodically replaced) (Ebdon et al., 1998).
2.2.3 Interferences in ICP-MS
There are two main types o f interference in ICP-MS (spectroscopic and non- 
spectroscopic). These interferences can cause enhancement or suppression of the analyte 
signal. Knowledge o f the causes o f these interferences and the way in which they can 
affect results, along with possible ways to reduce them is a fundamental part of trace 
element analysis.
2.2.3.1 Spectroscopic interferences
Spectroscopic interferences involve interferences known as isobarics, polyatomics and 
oxides or doubly charged ions.
•  Isobaric interferences
Isobaric interferences are the result o f an overlap between isotopes of neighbouring 
elements, for example, 54Fe+ and 54Cr+. Potential isobaric interferences can be deduced 
from tables of the elements and their isotopes. All elements (apart from indium) have at 
least one isotope that is completely free from an isobaric overlap. However, this 
alternative is generally less abundant than the preferred isotope, for example, 56Fe+ is the 
major iron isotope and has a natural abundance o f 49.7 %, the alternative 57Fe+ has no 
isobaric interferences but it only has a natural abundance of 2.2 %. In this work, isotopes 
have been selected with no significant isobaric interferences, as shown in Table 2.2.
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Table 2.2: Isotopes used and their isotopic interferences.
Major isotope 
o f the analyte
Natural 
abundance (%)
Isobaric interference 
& abundance (%)
Isotope
used
Natural 
abundance (%)
8USe+ 49.7 80Kr+ (2.25) “ Se+ 9.2
“ Fe+ 91.7 n/a 57Fe+ 2.2
63Cu+ 69.2 n/a 63Cu+ 30.8
64Zn+ 48.6 64Ni+(0.91) 66Zn+ 27.9
*55Mn+ 100 n/a 55Mn+ 100
VO OO £ o + 24.1 98Ru+ (1.88) 98Mo+ 24.1
127I+ 100 n/a 1 2 7 j + 100
U4Cd+ 28.7 114Sn+ (0.65) 112Cd+ 24.1
2 ° 8 p b + 52.4 n/a 208Pb+ 52.4
Source: Vandecasteele and Block, 1993.
• Polyatomic interferences
Polyatomic ions result from the short-lived combination of two or more atomic species, 
which form either in the analyte zone o f the plasma (ICP), the interface or the ion optics. 
The plasma contains many neutral and ionic species (from the plasma gas) and matrix 
species, which can be as much as 108 times the level of trace elements present in the 
sample solution (Date and Gray, 1989). Polyatomic species are most prevalent at the 
lower end o f the Periodic Table. The impact o f the interferent depends upon the 
ionisation potential o f the element, the particular polyatomic species formed and the 
isotopes affected (especially for isotopes that are monoisotopic, such as 75As+). The main 
polyatomic species are derived from the plasma gas, double distilled deionised water 
(DDW) and other solvents/ acids that are being used, as shown in Table 2.3.
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Table 2.3: Polyatomic interferences from common solvents (DDW, H2SO4, HC1).
DDW Polyatomic 5%
H2SO4
Polyatomic 5%
HC1
Polyatomic
“ Ne+ ,8o h 2+ 52Cr+ i(,S160 + 5 iy + 3vC1'4N+
28gi+ 12C160 + 56Fe+ 40Ar16O+ 52Cr+ 35C1160 +
29Si* I2c 16o h + 64Zn+ 32SI60 160 +, 32s 32s + 54Fe+ 35Cl16OH4'
35C1+ 16o lsOiT 65Cu+ 33s 16o 16o +, 32s 33s + 67Zn+ 37c i I6o h +
37C1+ 36ArH+ 66Zn+ 34s I6o 16o +, 32s 34s + 75A s+ 35C1i6O i60 +,
52Cr+ 40Ar12C+, 36Ar160 + 68Zn+ 36s 16o I6o +, 32s 36s + 40Ai-35C1+
56Fe+ 40Ar16O+ 77Se+ 40Ar37Cl+
Source: Vandecasteele and Block, 1993.
Most polyatomic ions can be corrected for in a number o f ways. The use of another 
isotope can remove the problem but this is at the expense o f sensitivity. The introduction 
of molecular gases to the plasma, for example, the addition o f < 5 % N2 into an argon 
plasma can reduce certain polyatomic species, such as 40Ar35Cl+ through the preferential 
formation o f nitrogen species like 14N35C1+ (Evans and Ebdon, 1990). Other ways are 
through the use o f blank correction (matrix-matched) or minimizing the effect by only 
using nitric acid. Nitrogen has a very high first ionisation energy, so it causes less 
polyatomics as shown in Table 2.4.
Table 2.4: Polyatomic interferences caused by HNO3.
5 % HNO3 Polyatomic
28g f i4N l4N+
31p+ 14n 16o h +
32s + 16o '6o +
56Fe+ 40ArwO+
68Zn+ 40Ar14Nl4N+
Source: Vandecasteele and Block, 1993.
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All sample preparation was therefore performed using nitric acid. A further investigation 
into the potential formation o f polyatomics as a result o f the matrix o f biological fluids is 
reported in section 2.8.2.
•  Oxide and doubly charged ion interferences
Oxide species occur either as a result o f incomplete dissociation of the sample matrix or 
from combination/ recombination in the plasma tail, for example, 16(MO)+ and 32(MO)2+. 
These interferences are generally resolved by using a different isotope o f the element.
Doubly charged ions are dependent upon the plasma conditions. Only those elements 
with a second ionisation energy lower than the first ionisation energy o f argon have the 
potential o f forming doubly charged ions.
2.2.3.2 Non-spectroscopic interferences
Non-spectroscopic interferences are those in which the variation in intensity o f the signal 
for a certain analyte cannot be accounted for by any recognisable spectral overlap. They 
are caused through a number o f processes, including sample transport, ionisation, ion 
extraction and ion throughput. They are normally observed when the matrix o f the 
sample contains high levels o f concomitant elements and are often referred to as matrix 
effects.
These interferences can be overcome by the use of techniques such as standard addition, 
isotope dilution or internal standards. The standard addition method involves the 
addition o f a spike o f a standard to the sample. The spike then undergoes the same 
suppression as the analyte present in the sample. Isotope dilution is based upon spiking a 
sample with a known amount o f an isotopically enriched form. This spiking is 
undertaken prior to sample preparation and then measurement o f isotope ratios in the 
unspiked and spiked samples can be undertaken and compared. The disadvantage of this
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method is that the sample preparation is complicated and it cannot be applied to all 
elements, as two isotopes are required. The internal standard method involves the 
addition o f an element (of a known concentration) to each solution (blanks, standards and 
samples). After analysis the signal variation can then be accounted for by relating the 
signal o f the analyte to that o f the internal standard (Vandecasteele and Block, 1993). 
The internal standard not only corrects for random fluctuations o f the analyte signal but 
also for systematic variations o f the analyte signal due to matrix effects. It is important 
that the internal standard element is not present within the sample matrix, otherwise 
signal variations will occur that are unrelated to the instrument. It is also important that
•j
the internal standard has a mass similar to that o f the analyte, as the interference effect 
can be mass dependent. Finally, the internal standard element should have a first 
ionisation energy similar to that o f the analyte(s), so that one is not more favourably 
ionised than the other. In this research, the internal standard method is used and details 
o f the procedure for internal standardisation are outlined in section 2.3.1.
2.3 Analytical Methodology: Calculation Procedures
Internal standard correction calculations are used for ICP-MS analysis. An assumption is 
made that the internal standard is affected in the same way as the analyte element. 
Therefore, accurate correction for matrix effects can only be made when the internal 
standard element has a mass number and first ionisation potential close to that o f the 
analyte element (as stated in section 2.2.3.2).
2.3.1 Internal standards
This research incorporates nine main elements of interest, namely selenium, iron, copper, 
zinc, molybdenum, manganese, iodine, cadmium and lead that were analysed by PSN- 
ICP-MS. The internal standard chosen for each element is depicted in Table 2.5 along 
with their mass and 1st ionisation energy (Emsley, 1991).
80
Table 2.5: Choice o f internal standards for the elements of interest.
Element Mass 1st Ionisation energy (KJ mol'1) Chosen Internal Standard
Se 78.96 940.9 Ge
Fe 55.85 759.3 Co
Cu 63.55 745.4 Co
Zn 65.38 906.4 Co
Mn 54.94 717.3 Co
Mo 95.94 684.3 In
£
I 126.90 1008.4 In
Cd 112.41 867.6 In
Pb 207.20 715.5 Bi
Co 58.93 760.0 n/a
Ge 72.59 762.1 n/a
In 114.82 558.3 n/a
Bi 208.98 703.2 n/a
Source: Emsley, 1991.
During analysis the internal standard is added on-line by way o f a t-piece, which is 
located after the peristaltic pump. This mixes the internal standard and sample in a 1:1 
ratio. The t-piece ensures that the variation in internal standard concentration is 
minimized and instrument drift can be corrected accurately.
2.3.2 Internal standard correction procedures
Two types o f correction procedures can be used and are referred to as the Average 
Method and the Ratio Method. The Average Method is used when the signal o f the 
internal standard remains fairly constant through the analysis (when there is no signal 
drift or ion suppression occurring). The Ratio Method is used when there are significant 
variations in the internal standard signal throughout the analysis, which in the case o f
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biological fluids could have been caused by an excess of sodium in an individual sample. 
The methodology o f the Average Method is shown in Table 2.6.
Table 2.6: Methodology o f the Average Method for internal standard correction.
Sample Analyte Signal Int Std Signal Ratio Int Std Corrected Analyte Signal
Blank 
Std 1 
Std 2 
Std 3
A
B
C
D
Average
X
2X
1.5X
1.2X
1.425X
X/1.425X . 
2X/1.425X 
1.5X/1.425X 
1.2X/1.425X
A/ (X/1.425X) 
B/ (2X/1.425X) 
C/ (1.5X/1.425X) 
D/ (1.2X/1.425X)
The internal standard method allows correction for any instrumental drift. A blank 
correction is then performed, for example, [B/ (2X/1.425X)] - [A/ (X/1.425X)]. The 
methodology o f the Ratio Method is shown in Table 2.7.
Table 2.7: Methodology o f the Ratio Method for internal standard correction.
Sample Analyte Signal Int Std Signal Ratio Analyte/Int Std
Blank A X A/X
Std 1 B 2X B/2X
Std 2 C 1.5X C/1.5X
Std 3 D 1.2X D/1.2X
Again a blank subtraction is performed after the internal standard correction, for example, 
(B/2X) - (A/X). During sample analysis, the most recently run blank is used for blank 
correction. During this research, the samples that were routinely analysed were blood 
serum, follicular fluid, seminal plasma, endometrial fluid, urine and scalp hair. Due to 
the variability o f these samples, the Ratio Method was used for internal standard 
correction.
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2.4 Sample Collection
Blood serum, follicular fluid, endometrial fluid and scalp hair were collected from IVF 
patients at Hammersmith Hospital, London. Seminal plasma and urine were collected 
solely from “normal” subjects participating in the selenium speciation study (Chapter 
Five). Specific methods o f sample collection have been used for each matrix and are 
described in sections 2.4.1 -  2.4.6.
2.4.1 Blood serum
Blood samples were collected by means o f venous puncture using an intravenous cannula 
(Venflon Ohmeda, Sweden) (usually made o f polypropylene) or a needle (stainless steel) 
together with a syringe or blood collection tube. Samples were then centrifuged at 3500 
rpm for 10 minutes. Blood serum (BS) samples were then transferred to 15 mL metal- 
free polypropylene tubes (Elkay Laboratory Products (UK) Ltd., Basingstoke) and frozen 
at ca. -  20 °C (Zervakakou-M atar et al., 1998, Stovell, 1999).
2.4.2 Follicular fluid
Follicular fluid (FF) was collected by aspiration o f ovarian follicles during the course o f 
an egg collection for IVF (section 1.2). Collection is usually achieved using a long (~ 
300 mm) stainless steel double lumen oocyte collection needle (Cosmed, UK) and the 
fluid is aspirated from the follicle using a flushing medium (Earles flushing medium) 
(Zervakakou-M atar et. al., 1998). FF was always taken from the first aspirate so as to 
reduce contamination by blood or flushing medium. Earles flushing medium contains 
Hepes buffer (Hepes powder and sodium hydroxide in water), sodium bicarbonate, 
penicillin, streptomycin and water. Samples were then centrifuged at 3000 rpm for 10 
minutes, transferred to 15 mL metal-free polypropylene tubes (Elkay) and frozen at ca. -  
20 °C.
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2.4.3 Seminal plasma
The standard collection procedure used for seminal plasma was as follows:
• avoidance of ejaculation for between two and three days prior to semen 
collection;
• hands washed thoroughly with soap and warm water;
• sample delivered directly into a labelled Sterilin™ (Bibby Sterilin Ltd., Staffs, 
UK) container;
• semen transferred to micro-centrifuge tubes (1.9 mL) as soon as possible after 
collection and centrifuged using a micro-centrifuge (MSE Microcentaur, MSE 
Scientific Instruments) at 13 000 rpm for 5 minutes;
• seminal plasma transferred using a plastic pipette to another clean micro­
centrifuge tube, the seminal plasma and remaining spermatozoa were stored at 
ca. - 20 °C.
2.4.4 Endometrial fluid
Endometrial fluid (EF) collection involved the use of a cook catheter, which is routinely 
used for the insertion o f fluid in the uterine cavity for other gynaecological investigations. 
EF was collected following the uterus cavity being flushed with 5 - 7  mL of sterile water 
(W inston et ah, 2000).
2.4.5 Urine
All samples were collected mid-stream directly into 25 mL Sterilin™ (Bibby Sterilin 
Ltd., UK) containers and stored in a refrigerator at ca. 4 °C until the analysis was 
performed.
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2.4.6 Scalp hair
The hair specimen was taken with stainless steel scissors wiped with a cloth that had been 
dampened in water (as some disinfectants cause contaminants). Hair was cut from 
several places at the nape o f the neck and then stored in clean, sealed, labelled plastic 
bags and stored in a dry cupboard until analysis was performed.
2.5 Sample Preparation
The preparation o f blood serum was investigated thoroughly as it was chosen to be 
representative o f all other biological fluids. Scalp hair was prepared using an alternative 
method and is described in section 2.5.2.
2.5.1 Biological fluids
Direct analysis of undiluted biological fluids by ICP-MS cannot be done due to the large 
concentration o f protein (blood serum contains approximately 7 % protein). This can 
cause problems, such as blockage o f the pneumatic nebuliser, central quartz tube of the 
torch and sampling orifice. Therefore, biological fluids must either be diluted or 
digested. Acid digestion reduces both non-spectroscopic matrix effects and health and 
safety concerns (HIV/Hepatitis) but it can introduce deterioration o f the respective trace 
elemental limit o f detection.
2.5.1.1 Digestion o f  biological fluids
Digestion of biological fluids by both open vessel and microwave techniques is well 
known. Open vessel digestion is based on the destruction o f the organic material present 
in a sample through the use o f one or more acids. The disadvantages o f this are that a 
large volume o f acid is required, volatile analytes can be lost and the process is very time 
consuming. Microwave digestion can be the solution to these problems. It combines the
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speed o f microwave heating with elevated temperatures and is achieved in sealed 
Teflon™ PFA containers. Its advantages are that it is quick, contamination from the air is 
eliminated and a low volume o f acid is required resulting in a minimal blank level due to 
no acid loss. Microwave digestion was not available for the whole period of this 
research, so unfortunately it has only been used for the “stress” samples, as described in 
section 3.3.1. For all other studies within this research, a simple dilution method was 
used.
2.5.1.2 Dilution o f  biological fluids
Many dilution methods for biological fluids, in particular blood serum, are reported in the 
literature. A dilution range of 5 to 20 fold, with diluents such as water, 0.14 mol L"1 
HNO3, NH3/(NH4 )3p 0 4  buffer, butanol/ Triton-X 100, 0.5 g L"1 EDTA and 2.5 % 
methanol are reported (Vanhoe et al., 1989, Vandecasteele et al., 1993, Vanhoe et al., 
1994 and Moens et al., 1994). Based on the information stated in section 2.2.3.1, it was 
decided to use nitric acid as the diluent. An evaluation o f the best dilution factor was 
performed and is discussed in section 2.7.
2.5.2. Scalp hair
The methodology of scalp hair preparation has previously been thoroughly investigated 
in our laboratory (Stovell, 1999). The developed procedure involved:
• homogenisation to obtain a uniform matrix;
• a washing procedure to remove exogenous material;
• ashing o f the sample.
Hair samples were homogenised by simply snipping the hair fibres into small pieces with 
stainless steel scissors. The washing procedure used was a standard method proposed by 
the International Atomic Energy Agency (IAEA, 1978). This method consists o f 
successive washes with acetone, water, water, water and acetone. Each wash was
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undertaken in an ultrasonic bath for 3 minutes, and after each step the wash solution was 
decanted off and discarded. Following this washing procedure the samples were allowed 
to dry in a drying oven at 60 °C for 3 hours. The ashing procedure was carried out by 
placing 200 ± 20 mg o f the samples in clean dry 100 mL pyrex beakers. 5 mL of 5 % 
(volume/ volume (v/v)) H N 03 (Aristar™) was added and then the samples were placed in 
the muffle furnace at ca. 150 °C. After 2 hours, the temperature was raised to ca. 500 °C 
and maintained at this level overnight. The ashed samples were then dissolved in 2 mL 
concentrated H N 03 (Aristar™) and transferred to clean 50 mL polypropylene volumetric 
flasks and diluted with deionised water.
2.6 Instrum ent Optimisation
In order to obtain the best possible results the instrument needed to be optimised for the 
particular analyte(s) of choice. This was initially carried out using a standard solution o f 
selenium, iron, copper, zinc, cadmium and lead. All standard solutions were prepared 
from concentrated 10 000 or 1000 mg L'1 (Aristar™) standard solutions (BDH Poole, 
UK) and diluted with 1 % (v/v) H N 03 (Aristar™). 1 % (v/v) H N 03 is prepared using 
double distilled deionised water (DDW) with a resistivity o f 18 mL> cm"1, obtained from 
an Elgastat UHQ water purification system (Vivendi Water Systems Ltd., High 
Wycombe, UK). All o f the standards were prepared and stored in plastic containers that 
had been pre-rinsed with DDW three times and that had been stored overnight in 5 % 
(v/v) H N 03.
The nebuliser flow rate (NFR), forward power (FP), scan parameters and long-term 
signal stability o f the instrument were all investigated.
2.6.1 Instrument optimisation -  nebuliser flow rate and forward power
Two critical parameters influencing the performance of the Finnigan MAT SOLA ICP- 
MS instrument are forward power (FP) and nebuliser flow rate (NFR).
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These parameters are critical because a maximum signal is recorded at a particular 
forward power and at a certain nebuliser flow rate. If it is assumed that an equal 
residence time is always required before ionisation occurs, a higher NFR causes analyte 
elements to travel a longer distance before ionisation occurs and at a reduced NFR the 
same residence time is obtained after a shorter distance. In the central channel of the 
plasma, a zone exists with a maximum density o f M4" ions; so lowering the NFR causes a 
shift o f the zone with maximum M* density. Maximum signal intensity is obtained only 
when this zone is sampled (V an d ecasteele  and B lock, 1993). The optimum NFR 
decreases with increasing nuclide mass. For heavier nuclides, the maximum density 
is obtained higher in the plasma (at lower NFR) than for light nuclides. Therefore, for 
light nuclides a higher NFR is required before M* ions are efficiently sampled than for 
heavy nuclides (V an d ecasteele  and  B lock , 1993). With a higher FP, the zone with 
maximum M* density is closer to the load coil, because a shorter residence time in the 
plasma is required to achieve ionisation. As a result a higher NFR is required to shift the 
zone o f highest M4" density towards the tip o f the sampling cone.
During experimental optimization, the forward power was varied over 1.3 - 1.5 kW and 
the nebuliser flow rate was varied over 0.95 - 1.05 L min'1. A 50 pg L' 1 multi-element 
solution of Fe, Cu, Zn, Se, Cd and Pb was prepared and used for optimisation alongside a 
50 pg L' 1 internal standard solution o f Co, Ge, In and Bi. All solutions were prepared in 
1 % (v/v) HNO3 (Aristar™). All the isotopes o f each element were investigated and the 
overall optimum condition was assessed to be a FP o f 1.5 kW and a NFR of 0.85 L min'1. 
This is comparable to those found previously for the Finnigan MAT SOLA, for example,
1.5 kW and 0.90 L min' 1 (S tovell, 1999) and 1.5 kW and 1.0 L min"1 (C hurchm an,
1997). An example of the effect that the variation o f the instrument parameters can have 
on the isotopic signal is shown in Figures 2.9 -  2.11.
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Figure 2.9: Optimisation of 50 pg L' 1 57Fe+, 6:>Cu+, 66Zn+ and 1 12Cd+ at a FP of 1.5 kW.
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Figure 2.10: Optimisation o f a 50 pg L'1 s9Co+, 74Ge+, 1 l5In+, 209Bi+ at a FP o f 1.5 kW.
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Figure 2.11: Optimisation of a 50 pg L' 1 82Se+ and 2l)8Pb+ at a FP of 1.5 kW.
2.6.2 Instrument optimisation - scan parameters
The Finnigan MAT SOLA ICP-MS allows various scan parameters to be set. These 
parameters are dwell time, number of sweeps, number of channels and number of 
replicates. The dwell time is the amount of time per channel that ions are counted; the 
number o f channels is the number o f steps per amu in which the ion counts are measured; 
the number of passes is the number of repetitions per channel and the number of scans is 
the number of repetitions for the entire mass range studied. In order to have a short 
analysis time, the dwell time should be as short as possible (although, if the concentration 
of the analyte is near the limit o f detection the dwell time should be increased). The 
number of sweeps affects the precision; if too few sweeps are carried out a high 
coefficient of variation (CV (%)) (Appendix 2) is obtained. Conversely, if too many 
sweeps are performed a point is reached when the CV (%) is not significantly improved. 
If the sample matrix is complex, long exposure o f the cones to the matrix will cause 
signal drift; therefore, the number of replicates should be shortened.
A 50 pg L' 1 multi-element standard solution containing all nine analyte elements of 
interest (Se, Fe, Cu, Zn, Mn, Mo, I, Cd and Pb) plus four internal standards (Co, Ge, In
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and Bi) was prepared using 1 %  (v/v) HNO3 (Aristar™) and analysed using various scan 
param eter conditions. A decision on the ideal scan parameter conditions was made based 
upon the CV (%) and the time required for each scan. A compromise for all elements 
was a dwell time o f  2 ms, 8 channels (c), 3 scans (s) and 100 passes (p). The analysis 
time for 200 passes was considerably longer, yet it did not significantly improve the CV 
(%), as shown for the "7Fe4 signal in Figure 2.12.
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Number of passes
Figure 2.12: Effect o f  varying scan param eters on the CV (%) for "7Fe+.
Figure 2.12 shows that there is a large decrease in CV (%) when the number o f  passes is 
increased from 1 to 10, a further decrease occurs when 100 passes is used. The decrease 
in CV (%) from 100 to 200 passes is not significant enough to warrant using 200 passes, 
particularly as this would cause a considerable increase in the analysis time. This trend is 
seen in all other elements o f  interest, as demonstrated for 82Se* in Figure 2.13.
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Figure 2.13: Effect of varying scan parameters on the CV (%) for 82Se+.
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2.6.3 Instrument optimisation - long-term signal stability
It is important that the instrument remains stable throughout the duration o f the analysis 
period, with minimal ICP-MS signal drift. As a result long-term stability was monitored 
over a period of six hours, using an ideal standard solution of 50 pg L 1 zinc (and cobalt 
as the internal standard).
Time (minutes)
Figure 2.14: Long-term signal stability of 66Znf.
Figure 2.14 shows that the instrument has long-term stability, as the signal remained 
within two standard deviations o f the mean over a period o f six hours. The mean and 
standard deviation of the ratio (analyte signal/ internal standard signal) over six hours 
was 0.104 ± 0.004 (n = 14) and the precision (CV %) was 3.84 %.
2.7 Instrument Optimisation for Biological Fluid Analysis
Following the optimisation of the instrumental parameters, optimisation was carried out 
for the various matrices that were to be regularly analysed during this research. Blood 
serum was the matrix investigated most thoroughly, as it was chosen to be representative
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of all other biological fluids because of its similarity with follicular fluid etc. (Edwards, 
1974).
2.7.1 Preparation o f synthetic and pooled blood serum
Synthetic and pooled serums were prepared so that standardised samples were available 
for method development experiments. Vanhoe et a l , (1989) reported the use of a 
synthetic serum as the blank when analysing trace elements in blood serum.- This 
synthetic serum contained the same amount o f sulphur, sodium, chlorine and calcium as 
human serum. When mimicking a 1 in 10 fold diluted blood serum, the synthetic blank 
was prepared as follows in 1 % (v/v) HNO3 (Aristar™):
• 0.60 g L' 1 NaCl;
• 0.33 g L"1 N a N 0 3;
• 0.66 g L"1 eysteine-HCl-H20;
•  0.057 g L’ 1 Ca (N 0 3)2-4H20 .
Pooled blood serum was prepared by defrosting various stored blood serum samples and 
“pooling” them to give a bulk sample. The sample was mixed in a plastic bottle and 
rolled on a small set o f mechanical rollers for one hour to ensure homogenisation. 2.5 
mL portions o f the bulk sample were then pipetted into labelled metal-free tubes (Elkay 
Lab Products, UK Ltd., Basingstoke) and refrozen (Stovell, 1999). Portions of this 
pooled stock o f serum were used in subsequent method development experiments.
2.7.2 Dilution of synthetic and pooled blood serum
A spiked synthetic serum was also prepared and diluted to give 1 in 5, 1 in 10 and 1 in 20 
fold diluted spiked synthetic serum solutions. The synthetic solutions contained a 
proportional amount of the analyte elements representative o f the amount that would be 
expected to be present in actual serum (section 1.3.1) at that dilution factor (Table 2.8).
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Table 2.8: Elemental content o f the synthetic serum solutions.
(All values in pg L"1) 1 in 5 fold 1 in 1 0  fold 1  in 2 0  fold
Se 2 0 1 0 5
Fe, Cu, Zn 2 0 0 1 0 0 50
Mn, Mo 0.4 0 .2 0 . 1
I 1 0 5 2.5
Cd 0 . 1 0.05 0.025
Pb 0 .2 0 . 1 0.05
Pooled serum samples were prepared at a dilution factor of 1 in 5, 1 in 10 and 1 in 20 fold 
with 1 % (v/v) HN03 (Aristar™).
2.7.3 Instrument optimisation
The ICP-MS was optimised by varying parameters such as nebuliser flow rate, forward 
power and scan parameters using ideal standard solutions as described in section 2 .6 . 
These parameters were not reinvestigated for the biological fluids, as this had previously 
been performed in our laboratory and no significant difference was observed in the 
results obtained using an ideal standard or blood serum solution for these particular 
parameters (Churchman, 1997, Stovell, 1999).
2.7.4 Instrument optimisation -  short-term signal stability
The long-term stability o f the instrument was investigated using an ideal standard 
solution (section 2.6.3). However, biological fluids can contain high levels o f sodium, 
which cause signal suppression and drift. Therefore, the short-term stability of the 
instrument also has to be considered when analysing such matrices. This was performed 
using both the diluted spiked synthetic serum and diluted pooled serum samples. All 
samples were run for one and a half hours, with a 2  minute pneumatic solution
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nebulisation washout period with 1 % (v/v) HNO3 (Aristar™) between each sample 
analysis.
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Figure 2.15: Short-term stability of 82Se+ signal in diluted spiked synthetic serum 
solutions.
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Figure 2.16: Short-term stability o f 66Zn+ signal in diluted spiked synthetic serum
solutions.
For 82Se+, as the level of dilution decreased, the corresponding CV (%) also decreased, 
namely the synthetic serum blank had a CV % of 32.2 % and the CV % for the 1 in 20 
fold and 1 in 10 fold diluted spiked synthetic serum was 6.5 and 4.5 %, respectively. All
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elements o f interest showed the same pattern: as the level of dilution for the spiked 
synthetic serum decreased, the corresponding CV (%) decreased. For example, the CV 
(%) obtained for 66Zn+ were: synthetic serum blank (3.55 %), 1 in 20 fold diluted spiked 
synthetic serum (0.78 %) and 1 in 10 fold diluted spiked synthetic serum (0.66 %). The 
example of the short-term signal stability of 82Se+ and 66Zn+ in various dilutions o f  
synthetic blood serum and the resulting CV (%) were expected because of the Horwitz 
curve phenomenon i.e. increasing CV (%) is obtained with decreasing concentration 
levels o f the analytical constituents (Horwitz et ah, 1980).
The Horwitz phenomenon is observed again when using pooled serum, namely as the 
levels o f analyte increased the stability of the instrument improved and the spread of the 
results decreased. Using 82Se+ as an example again, the CV % decreased from 24.9 %, 
for a 1 in 20 fold diluted spiked pooled serum to 4.4 % for 1 in 10 fold diluted spiked 
pooled serum.
2.7.5 Instrument optimisation - washout
It is necessary to know the length o f time required for all analytes o f interest to reach the 
detector. For blood serum, this time was found to be 45 seconds. It is also essential to 
know that after each sample or standard has been analysed, the analyte o f interest is 
completely removed from the instrument before another analysis is performed. This 
prevents any “carry over” in analyte signal. Washout using pneumatic solution 
nebulisation and a solution o f 1 % (v/v) HNO3 (Aristar™) was investigated for both 
synthetic and pooled serum.
As expected the 1 in 5 fold diluted solutions took the longest to washout, followed by the 
1 in 10 fold and lastly the 1 in 20 fold diluted solution. However, the 1 in 20 fold dilution 
reduces the levels of analytes to around, if not below, the limit o f detection. For example, 
“normal” levels o f lead reported in blood serum are 0.5 -  2.0 pg L"1 (Stovell, 1999), 
following a 20 fold dilution, these levels would become 0.025 -  0.1 pg L'1. These levels 
are below the limit of detection for lead (section 2.9.1). The 1 in 10 fold dilution was
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therefore determined to be the most appropriate. Figures 2.17 and 2.18 demonstrate the 
length of time required to reduce the analyte signal so that “carry over" is prevented for 
both synthetic and pooled serum. The washout of the internal standards was not 
investigated as they are constantly in use throughout all analysis in order that blanks, 
standards and samples can be accurately made into a ratio against the same solution.
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Figure 2.17: Washout times for the 1 in 10 fold diluted synthetic spiked solution.
E 
£
-  b>
« 5c P.2* 15(A TJ 
® £
J/5 0.15
0.05
1.0 0  
Time (minutes)
Figure 2.18: Washout times for the 1 in 10 fold diluted pooled serum solution.
Figures 2.17 and 2.18 indicate that a washout time of 2 minutes between each analysis is 
more than adequate for both synthetic and pooled serum.
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2.8 Interferences
ICP-MS analysis is subject to interferences (section 2.2.3), either non-spectroscopic, such 
as sodium suppression or spectroscopic, such as isobarics or polyatomics.
2.8.1 Non-spectroscopic interferences
High levels of concomitant elements, such as sodium in the sample matrix can cause non- 
spectroscopic interferences, for example, signal suppression o f most elements. This level 
of suppression is amplified as the concentration of sodium increases. The explanation for 
this interferent is that sodium is easily ionised (ionisation energy < 7 eV) so it contributes 
strongly to the electron density within the plasma. This causes a shift in the ionisation 
equilibrium and analyte elements are ionised to a lesser extent (V andecasteele and  
B lock , 1993). Another explanation proposed for the suppression is known as the “space 
charge” effect. The electrostatic lens system within the spectrometer allows only positive 
ions to pass through it. In the absence o f a matrix these ions are mainly Ar+ and 0 +, 
however, when the matrix is added a larger number of positive ions are present, for 
example, Na+. These ions repel the analyte ions due to the increased space charge. 
Consequently, the electrostatic lenses cannot focus the beam as easily. Lighter analyte 
ions suffer more from this effect than heavier ones and are preferentially lost from the 
transmitted ion beam (V an d ecasteele  and  B lock , 1993).
2.8.1.1 Effect of non-spectroscopic interferences on the
Finnigan M A T  S O L A  ICP-MS
A  multi-element standard solution containing 50 pg L'1 of the analytes o f interest (Se, Fe, 
Cu, Zn, Mn, Mo, I, Cd and Pb) was prepared in 1 % (v/v) HNO3 (Aristar™). Blood 
serum contains reported levels o f around 3550 mg L'1 sodium (S tovell, 1999), based on a 
1 in 10 fold dilution, blood serum will then contain approximately 350 mg L'1. Further 
identical 50 pg L"1 standard solutions o f the analytes o f interest were prepared each with 
increasing amounts o f sodium, namely 1, 10, 100, 300 and 1000 mg L‘\  These solutions
98
were all analysed by ICP-MS and the potential of the use of internal standards to correct 
for this suppression was investigated.
Figure 2.19 clearly shows that when no internal standard correction was performed, a 
concentration o f greater than 10 mg L"1 sodium causes suppression o f the 82Se* signal; 
this is also true for all other analytes.
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Figure 2.19: Sodium suppression (without correction) on “Se+ in a standard solution
The use of an internal standard can correct for the suppression effect caused by sodium. 
The Ratio Method o f correction was used, as the sodium level causes a large variability in 
the signal (Figure 2.20).
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Figure 2.20: Sodium suppression on 82Se+ in a standard solution with internal standard 
correction using 74Ge4.
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This pattern was the same for all analytes o f interest, sodium caused suppression of the 
analyte signal at a certain concentration but the internal standard could correct for this 
problem. Further examples are shown in Figures 2.21 and 2.22.
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Figure 2.21: Sodium suppression (without correction) on 66Zn+ in a standard solution
g  0 .1 8 0
h
£  g , 0 .1 7 5  
to
= E  0 .1 7 0&  TOcn T3
«> £  0 .1 6 5  
?  0 .1 6 0
1 10 100 3 0 0  1 000
Concentration sodium added (mg L~)
Figure 2.22: Sodium suppression on 66Znf in a standard solution with internal standard 
correction using "9Co+.
Sodium caused suppression o f the signal o f the ICP-MS standards but use o f an internal 
standard at a concentration of 50 pg L' 1 could correct for this suppression. However, the 
effect of suppression and its possible correction, needed to be investigated using real 
samples in order to have confidence in the results.
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From the short-term stability and washout experiments as outlined in sections 2.7.4 and 
2.7.5, it was shown that a 1 in 10 fold dilution with 1 % (v/v) HNO3 (Aristar™) should be 
utilised when preparing blood serum. Therefore, 1 mL of pooled blood serum was 
diluted to 5 mL with 1 % (v/v) HNO3 (Aristar™) and 5 mL of a sodium spike was added 
resulting in a final 1 in 10 fold dilution. The final concentrations of sodium were as 
before with the standard solutions, namely 0, 1, 10, 100, 300, 1000 mg L'1. Sodium 
caused suppression of the pooled serum analyte signal and again the internal standard 
could correct for it, as shown in Figures 2.23 -  2.26.
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Figure 2.23: Sodium suppression (without correction) on 82Se^  in pooled blood serum.
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1.24: Sodium suppression on 82Se+ in pooled blood serum with i ctanrlarH
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Figure 2.25: Sodium suppression (without correction) on 65Cu4 in pooled blood serum.
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Figure 2.26: Sodium suppression on 65Cu+ in pooled blood serum with internal standard 
correction using 59Co+.
An investigation into whether the instrumental parameters of the Finnigan MAT SOLA 
ICP-MS instrument, such as nebuliser flow rate and forward power could be used to help 
improve the analyte signal, despite high levels of sodium was performed. In other words, 
could these parameters be used as potential correction mechanisms for sodium alongside 
the internal standard correction method? The nebuliser flow rate and forward power 
were varied for ideal standard solutions, which contained different amounts of sodium (0, 
1, 10, 100, 300 and 1000 mg L 1), as shown in Figure 2.27.
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Figure 2.27: Instrumental optimisation during sodium addition, affect on 82Se+.
The addition o f sodium caused a decrease in analyte signal. When the instrumental 
parameters were varied a marked effect was not observed on the analyte signal. 
However, one of the highest analyte signals was observed at a forward power of 1.5 kW 
and a nebuliser flow rate o f 0.85 L min1, which was in agreement with the optimum 
instrument parameters previously determined for this research (section 2.6.1).
2.8.2 Spectroscopic interferences
The sample matrices being analysed all contain large amounts o f various elements, which 
have the potential to form polyatomic species that would enhance the signal o f the 
analyte(s) of interest, as outlined in section 2.2.3.1.
2.8.2.1 Effect o f  spectroscopic interferences on the Finnigan
MAT SOLA ICP-MS
Following a 1 in 10 fold dilution of blood serum, it will contain approximately 10 mg L'1 
calcium, 2 mg L'1 magnesium, 20 mg L'1 potassium, 350 mg L'1 chlorine, 0.4 mg L’1 
bromine, 300 mg L' 1 sodium, 12 mg L' 1 phosphorous and 30 mg L' 1 sulphur (Stovell,
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1999). Single elemental standards at these levels were prepared using 1 % (v/v) HNO3 
(Aristar™) and the affect that these potential polyatomic forming elements had on all o f  
the isotopes o f the analytes of interest was investigated. The effect was determined 
through the use o f the Ratio Method and equation 2.11:
(Polyatomic ratio/ serum ratio) x 100 (Equation 2.11)
where the polyatomic ratio is analyte signal/ internal standard signal when the polyatomic 
solution was run and the serum ratio is the analyte signal/ internal standard signal when 
the blood serum was run.
If this calculation resulted in a percentage that was less than the CV (%) obtained from 
the repeated analysis o f the pooled serum samples, then it was deemed that the potential 
polyatomic did not have a significant affect. Table 2.9 shows the isotopes that could be 
potentially affected by polyatomic interferences.
Table 2.9: Isotopes affected by polyatomic interferences.
Element
Concn. 
(mg L"1) Isotopes affected
Mg 2
92Mo+,9SMo+,96M oV uuMo+,64Zn+,66Zn+,68Zn+, 1 ‘»Cd+,“ *Cd+,
112CdY l4Cd+, I16CdV°?Pb+
Ca 1 0 92Mo+>95Mo+,96Mo+,57Fe+,63Cu+,65Cu+,64Zn+,66Zn+,68Zn+
K 2 0 92Mo+,54Fe+,64Zn+>66Zn+,68Zn+
Na 300 92Mo+,95Mo+,96Mo+, 100Mo+,54Fe+J64Zn+,“ Zn+,68Zn+,76Se+,80Se+
Cl 350 92Mo+, 100Mo+,64Zri,66Zri,68Zri,lnCd+
Br 0.4 92Mo V ’Mo V 6Mo V 7Mo V°°Mo+,82S eY 11 Cd+
P 1 2 64Zn+,MZn+,68Zn+,u 'Cd+
S 30 92Mo+,96Mo+,64Zn+,66Zn+,68Zn+,ll0Cd+, 1 1 'Cd+,H2Cd+, 114Cd+
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Some o f the isotopes routinely measured such as 55Mn+, 98Mo+, 127I+ and 208Pb+ do not 
appear to be affected by any potential polyatomics. The other isotopes that are routinely 
measured (82Se+, 57Fe+, 65Cu+, 66Zn+, 112Cd+) provided non-detectable levels of any 
potential polyatomics. For example, the selenium level measured when the bromine 
solution was analysed equated to < 0.5 pg L"1, which is less than the 2.11 pg L"1 limit o f  
detection determined. It was therefore surmised that the concentrations of these 
polyatomic interferences were below the limit o f detection for each o f the respective trace 
elements, as described in section 2.9.1.
2 .9  A n alytica l F igures o f  M erit
The Finnigan MAT SOLA ICP-MS instrument was optimised for trace element analysis 
using ICP-MS standards and both synthetic and pooled blood serum solutions. The 
instrumental parameters that were determined to be optimum for this type o f analysis 
were a nebuliser flow rate o f 0.85 L min"1, a forward power o f 1.5 kW, scan parameters 
of 2 ms-8 c-l 00p-3s and a washout time o f 2  minutes using pneumatic solution 
nebulisation o f 1 % (v/v) HNO3 (Aristar™). The optimum sample preparation involved a 
1 in 10 fold dilution with 1 % (v/v) HNO 3 (Aristar™). Following these optimum 
instrumental and sample preparation conditions, the analytical figures o f merit (AFM) 
needed to be considered, namely the limit o f detection, linear dynamic range, precision 
and accuracy.
2.9.1 Limit o f detection
The limit o f detection is related to the confidence that can be placed on distinguishing the 
analytical signal from that o f background noise. The International Union o f Pure and 
Applied Chemistry (IUPAC) have recommended that the limit o f detection (LOD) be 
related to the smallest concentration that can be reported as present in a sample, xl, that 
can be detected with reasonable certainty in a given analytical procedure:
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X L =  X B + k S B (Equation 2.12)
where xb is the mean o f the blank measurements (typically 1 0  readings), sB the standard 
deviation o f the blank measurements and k a numerical constant (typically 3).
The limit o f detection values quoted in Table 2.10 are in pg L' 1 and were determined 
using 1 % (v/v) HNO3 (Aristar™) on the Finnigan MAT SOLA ICP-MS.
Table 2.10: Limit of detection for certain trace elements, obtained using the Finnigan 
MAT SOLA ICP-MS
Element Se+ 57Fe+ Cu+ 66Zn+ i 5Mn+ Mo+ 127j+ 112Cd+ 208pb+
Detection 
limit (pg L'1)
2 . 1 1 16.2 0.14 0.42 0.42 0.09 0.16 0 . 1 1 0.13
2.9.2 Linear dynamic range
Due to the dual detector capabilities of the ICP-MS instrument, there is reportedly a large 
linear dynamic range o f around 9 - 1 0  orders o f magnitude (V an d ecasteele  and  B lock , 
1993). For this research, only the channel electron multiplier was required because of the 
level o f trace elements in blood serum and the 1  in 1 0  fold dilution factor that was used. 
This work therefore utilised a linear dynamic range (LDR) of around 4 - 5  orders o f  
magnitude, namely analysis was carried out within the range o f 0.1 -  500 pg L*1.
2.9.3 Precision
Precision is defined as “the degree of agreement between replicate measurements of the 
same quantity” and it does not necessarily imply accuracy (M iller  and  M iller, 1993). 
Error can affect both accuracy and precision. Random error causes the individual results 
to fall on both sides of the average value and therefore affects the precision. Two 
descriptions apply to precision, namely reproducibility and repeatability. Reproducibility
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describes the agreement between individual results obtained using the same method and 
conditions. Repeatability describes the agreement between successive results obtained 
using the same method and conditions. The precision is quoted as the coefficient o f  
variation (CV (%)).
2.9.4 Accuracy
Accuracy is defined as “the degree o f agreement between a measured value and a true 
value” (Miller and Miller, 1993). Systematic errors cause all results to be in error in the
.•I
same sense and therefore affect accuracy. For any individual analysis results can 
therefore be in any one of four categories: inaccurate and imprecise, inaccurate and 
precise, precise and inaccurate, precise and accurate.
The accuracy and precision of analysis was investigated by spiking synthetic and pooled 
serum with a known concentration o f analyte, the results are shown Table 2.11.
Table 2.11: Accuracy and precision o f 82Se+ levels in synthetic and pooled serum.
«Se+
(n = 17)
Dilution
factor
CV (%) 
(n= 17)
Concentration spike 
added (pg L'1)
Concentration spike 
calculated (pg L'1)
Spiked 
synthetic serum
1  in 2 0 38.5 5 5.2 ± 2.0
Spiked 
synthetic serum
1  in 1 0 4.8 1 0 12.5 ±0.6
Spiked pooled 
serum
1  in 2 0 16.4 12.5 7.3 ±1.2
Spiked pooled 
serum
1  in 1 0 4.6 1 0 10.9 ±0.5
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Table 2.11 gives details for selenium but for all elements, the precision and accuracy o f  
the 1  in 1 0  fold dilution solution gave the best results, they always had a precision of less 
than 5 %.
2 .10  Q uality  C ontrol
Quality control is essential when accurate and precise results are desired. Quality control 
was maintained throughout this research by analysising a certified reference material 
(CRM), in-house reference materials and inter-laboratory/ inter-method comparisons.
A reference material is a material or substance having one or more properties, which are 
sufficiently well established to be used for the calibration o f an apparatus, the assessment 
of a measurement method or for assigning values to materials (C urrie, 1968). A certified 
reference material is a reference material that has been certified by a technically valid 
procedure and which is accompanied by a traceable certificate or other documentation 
issued by a certifying body (C ertifica tion  o f  R eference M ateria ls, 1989).
Whenever any biological fluid was analysed, Seronorm™ Trace Element Serum (Sero 
AS, Billingstad, Norway) was the CRM that was prepared and analysed. It is provided in 
a sealed glass bottle in a freeze-dried state. 3.0 mL o f DDW is added to the bottle and the 
contents are gently swirled, this is then left for 30 minutes to ensure reconstitution of the 
serum sample. The certified values (as shown in Table 2.12) are from Lot number 
704121 and are based on an arithmetic mean o f all values given by collaborative 
laboratories.
Another certified reference material was used when scalp hair was analysed, namely 
GBW 09101 Reference Hair (National Research Centre for CRM’s). It was prepared in 
exactly the same manner as all samples (section 2.5.2). Table 2.13 shows the certified 
and calculated values.
108
Table 2.12: Determined and certified reference material values (Seronorm™ Trace 
Element Serum) (Lot 704121).
( n - 5 ) “ ^Fe4- 55Cu+ 66Zn+ 82Se+ luCd+ 208pb+ ^M n
Certified value 
(UgL-1)
1 1 0 0 1300 1480 80 0.60A 0.97A 6 .2
Certified range 
(Eg L"1)
1040-
1140
1190 -  
1380
1350-
1670
7 0 -9 2 n/a n/a 5 .1 -
7.2
Measured value 
(pg L'1)
1167.7
±28.0
1113.6
±90.1
1450
± 1 0
79.6
±0.3
0.50
±0.24
1.30
±0.63
6.3
±0.4
* Ht Ht Ht *Ht Ht Ht *Ht
Ht H* 
* 
A
Calculated values within certified range
Standard deviation of calculated value overlaps with the certified ranges 
Not certified, this is an information value determined by Stovell, 1999.
Table 2.13: Determined and certified reference material values (GBW 09101 Reference 
Hair)
(n = 6 ) ” Fe+ 65Cu+ b6Zn+ 82Se+ 112Cd+ -Z0Epb+- 55Mn+ ysMo+ 127j+
Certified 
value 
(mg L'1)
71.2 
± 6 .6
23.0
±1.4
189
± 8
0.58 0.095
± 0 . 0 1 2
7.2
±0.7
2.94
± 0 .2 0
0.58 0 .8 8
Measured 
value 
(mg L'1)
78.4 
± 6.9
19.7
± 0.4
179.0
±13.1
0.51
±0.09
0 . 1 1
±0.08
7.2
±1.3
3.65
±0.34
0 .2 0
± 0 . 1 2
0 .6 8
±0.15
Ht H= Ht HtHi
* * Calculated values within certified range,
* Standard deviation o f calculated value overlaps with the certified ranges
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A reference water, namely TMDA-54.2 (Analytical Reference Material, Environment 
Canada -  Lot 1298) was used as an in-house quality control standard and was run every 
time an analysis was performed. The results are shown in Table 2.14.
Table 2.14: Determined reference material values (TMDA-54.2) (Lot 1298).
(n = 9) Fe+ wCu+ 66Zn+ 82Se+ m Cd+ 208pb+ wMn+ 98Mo+
Reference
value
(pgL-1)
387
±34.1
460
±41.9
540
±49.1
15
± 3
165
±16.1
531
±54.4
346
±32.7
303
±25
Measured 
value 
(Pg L'1)
362.5
±52.1
415.1
±72.3
513.8
±37.7
1 1 . 1
±4.5
151.7
±13.3
531.7
±34.8
293.4
±7.0
272
±33
** * ** * ** ** *
Measured values within certified range
Standard deviation of calculated value overlaps with the certified ranges
An assessment o f the results obtained from the analysis o f the CRMs and the reference 
water showed that some, but not all o f the measured values were within the certified 
ranges. The standard deviation o f other measured values were found to overlap with the 
certified ranges, while the remaining values did not overlap at all. In comparison to 
previous work carried out within our laboratory (Churchman, 1997, Stovell, 1999), 
these results were in good agreement.
Other methods o f quality control are inter-laboratory comparisons, Seronorm™ Trace 
Elements Serum (Lot 704121) and pooled serum were analysed in two different 
laboratories, namely the ICP-MS Facility at the Agricultural University, As, Norway and 
the ICP-MS Facility at the University o f  Surrey. A Paired t-test (Appendix 2) was 
performed to ensure that there was no significant difference (at the 95 % confidence 
level, P = 0.05) between the results obtained at the different laboratories. No significant 
difference was observed, as when pooled serum was analysed for cadmium (n = 4), the
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calculated t value (tcaic) (2.97) was less than the critical t value (tcrit) ( n - l  degrees o f  
freedom) (3.18) (P = 0.05).
Inter-method comparisons were also performed, for example, a series o f samples were 
analysed for magnesium by FAAS and PSN-ICP-MS. A Paired t-test was performed to 
ensure that there was no significant difference between the results at the 95 % confidence 
level (P = 0.05). No significant difference was observed, as tcaic (1.956) (n = 47) was less 
than tcrit ( n - l  degrees o f freedom) (2.018) (P = 0.05).
2.11 Sum m ary
In this chapter, the instrumentation and the analytical methodology have been discussed. 
Two instrumental methods have been reported, namely flame atomic absorption 
spectrometry (FAAS) and inductively coupled plasma mass spectrometry (ICP-MS). 
These two methods were used for all analysis performed during this research. Three 
forms o f sample introduction have been used for ICP-MS analysis, namely pneumatic 
solution nebulisation (PSN), electrothermal vaporisation (ETV) and hydride generation 
(HG). The hexapole ICP-MS (Platform™ ICP-MS, Micromass UK Ltd.) was also 
introduced; however, it was used solely for selenium speciation analysis and the 
methodology etc. is dealt with in section 5.6.1.
The instrumental parameters o f the Finnigan MAT SOLA ICP-MS were optimised for the 
main analytes of interest (Se, Fe, Cu, Zn, Cd and Pb) using a standard solution and an 
optimum forward power o f 1.5 kW and a nebuliser flow rate o f 0.85 L min' 1 were 
determined. The optimum scan parameters were discovered to be a dwell time o f 2 ms, 8 
channels, 3 scans and 100 passes based on the coefficient o f variation (CV (%)) and time 
required for each scan. The instrument was proven to have both short-term and long­
term stability, with the best results being obtained when the sample was prepared using a 
1 in 10 fold dilution with 1 % (v/v) HNO3 (Aristar™) in conjunction with a two minute 
pneumatic solution nebulisation washout period with 1 % (v/v) HNO3 (Aristar™) 
between each analysis.
I l l
Certain isotopes were chosen, namely 82Se+, 57Fe+, 65Cu+, 66Zn+, 55Mn+, 98Mo+, 127I+, 
112Cd+ and 208Pb+ in an attempt to reduce any potential isobaric or polyatomic 
interferences. Internal standards were chosen for each of these analytes so that any signal 
suppression caused by sodium etc. could be corrected, namely:
• 55Mn+, 57Fe+, 65Cu+, 66Zn+ by 59Co+;
• 82Se+ by 74Ge+;
• 98Mo+, il2Cd+, 127I+ by 115In+;
• 208Pb+ by 209Bi+.
Blood serum was used to optimise the instrument; it was chosen to represent all other 
biological fluids involved in this research, i.e. follicular fluid, seminal plasma, 
endometrial fluid and urine. All methods were validated through spike recoveries 
(section 2.9.4) and analysis o f CRMs (Seronorm™ Trace Element Serum (Lot 704121), 
GBW 09101 Reference Hair and TMDA-54.2 (Lot 1298) Reference Water). The 
calculated values for all CRM materials were in good agreement with the certified ranges 
(Tables 2.12 -  2.14). A limit o f detection below 2.5 pg L"1 was determined using PSN- 
ICP-MS for most elements (Se, Cu, Zn, Mn, Mo, I, Cd and Pb) (section 2.9.1).
Alongside the analysis of CRMs, inter-laboratory and inter-method comparisons were 
carried out and a Paired t-test was performed to ensure that no significant difference at 
the 95 % confidence level (P = 0.05) was observed between the results (section 2.10). 
This ensured maintenance o f quality control throughout all analysis.
The developed analytical methodology was then utilised in three applied studies, which 
are reported in the next three chapters.
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3.0 Introduction
The “Stress Study” is an investigation into the effect that psychological stress has on 
human reproduction, especially in-vitro fertilisation (IVF) treatment.
Childless couples wishing to procreate undoubtedly experience stress. Stress involves 
both biochemical and psychological factors, so it has the potential to play a major role in 
sub-fertility and in the failure of infertility treatment, especially IVF. In 1999, 
Hammersmith Hospital IVF unit initiated a study into these biochemical andt*
psychological factors. The aim of the study was to determine whether a link exists 
between these two factors and if so, the degree to which it plays a role in human sub­
fertility and infertility treatment. Stress and depression levels of the females undergoing 
infertility treatment were evaluated by self-rating questionnaires. Their levels o f certain 
stress-hormones, namely blood serum cortisol and plasma prolactin were also determined 
(H orne, 2000). The University o f Surrey extended this research by evaluating the link 
between psychological stress and the trace element levels in the blood serum o f the study 
cases. The elements measured were selenium, iron, copper, zinc, magnesium, calcium, 
cadmium and lead, representing some o f the key essential and non-essential (toxic) trace 
elements involved in human fertility as described in section 1.2.3 (W ard et a l, 1987, 
O m u et a l, 1998, Stovell, 1999, H u a n g  et a l, 2000).
3.1 P sych ologica l Stress
The term “stress” can have several definitions, especially in terms of the two main 
categories, namely physical and psychological stress. A physical stressor is an event that 
has a particular threat value to the wellbeing o f an individual, whereas psychological 
stressors are events that challenge the wellbeing because o f how they are perceived, not 
because they are actually physically threatening (L ovallo, 1997). Moreover, stress has 
been defined in a very broad sense, namely “Stress is the non-specific reaction of the 
body to any challenge” (Seiye, 1981). The so-called challenges are specific and all have
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one thing in common -  they include the need for readjustment, that is, for the activation 
of adaptive functions to restore normality.
Philosophers and physiologists, such as Cannon and Bernard, devised certain concepts o f  
stress. C an n on  (1935) studied the physical mechanisms used to maintain homeostasis 
and believed that the loss o f good health could result from dysregulation of the system at 
the level of psychological and socio-cultural functioning. B ernard  (1961) reported that 
both the external and internal environment determines the functions o f complex 
organisms. Furthermore, the maintenance o f life is critically dependent upon keeping the 
internal environment constant in the face of a changing external environment 
(homeostasis). Recent research reported that after stressful stimuli have occurred, the 
endocrine, immune and central nervous system interact and respond in a co-ordinated 
manner (V on  B orell, 2000). The presence o f hormones, neurotransmitters and receptors 
common to all three systems supports the view that communication exists between these 
systems. This implies that psychological stress could have a detrimental effect on human 
health.
3.1.1 The effect o f psychological stress on human health
When psychological stressors occur (for instance, failure to achieve a highly valued goal 
in life, death o f a loved one or the failure o f a significant relationship), our perceptions o f  
the World and our perceptions of our ability to cope with these challenges form the basis 
of our emotional state. Certain physiological responses are formulated in response to 
these psychological events. The types o f behaviour generally associated with 
emotionally negative responses (that can arise as a result o f these events) are depression, 
hostility, anger and aggression. These negative emotions are linked to and are heavily 
influenced by the activity o f brainstem adrenergic nuclei that have extensive connections 
to the frontal areas of the cortex and limbic structures, including the hippocampus and 
amygdala (L ovallo , 1997). The amygdala is the focal point between sensory input (our 
interpretations o f the World) and the formulation of autonomic and endocrine responses. 
The endocrine response is a significant increase in autonomic outflow to the peripheral
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organs and an increase in the secretion o f the stress-hormones, such as catecholamines, 
cortisol, endogenous opiates and prolactin.
Catecholamines, such as epinephrine (l,2-Benzenediol,4-[l-hydroxy-2-(methylamino) 
ethyl]) and norepinephrine (l,2-Benzenediol,4-[2-amino-l-hydroxyethyl]) (Figure 3.1), 
are derived from the amino acid tyrosine. Tyrosine can be obtained from either o f two 
sources, namely the diet or by way o f hepatic synthesis from phenylalanine (through the 
action o f the enzyme phenylalanine hydroxylase) (Jubiz, 1985).
HO ( O )  ■CH(OH)CH2NH(CH3) HO   CH(OH)CH2NH2
HO
Figure 3.1: Epinephrine and norepinephrine
Epinephrine is secreted from the adrenal medulla (inner area o f the adrenals) and 
norepinephrine is secreted from nerve endings. They are released in large quantities only 
during emotional distress and substantial metabolic need (F elig  et al., 1995, Sch ed low ski 
and B en sch op , 1999).
Epinephrine affects the cardiovascular system and carbohydrate metabolism. It increases 
the force, amplitude and frequency o f the heartbeat and at the same time the peripheral 
circulatory resistance decreases because the skeletal blood vessels are dilated. It also acts 
to augment the large secretion o f cortisol during stages o f stress. This results in an 
increase in cardiac output (F rieden , 1976), an enhancement in the formation of blood 
clots (L ovallo , 1997) and raised systolic blood pressure (Fraser, 2000).
The adrenal cortex (outer area o f the adrenals) secretes four major groups of hormones, 
namely glucocorticoids, mineralcorticoids, androgens and oestrogens. Cortisol (one o f
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the hormones being measured in this study) is one of the major glucocorticoids. It is 
synthesised from cholesterol and several key enzymes are required. Cholesterol is first 
converted to pregnenolone through cleavage o f its side-chain. Conversion then occurs 
from pregnenolone to progesterone in the adrenal cells, then conversion to 17a- 
hydroxyprogesterone and 1 1 -deoxycortisol before the final formation of the active steroid 
cortisol (Preg-4-ene-3,20-dione, 11,17,21 -trihydroxy-( 11 (3)) (Figure 3.2) (T hom son , 
1981, F elig  et a l, 1995).
Figure 3.2: Cortisol.
The synthesis and secretion o f cortisol is stimulated by adrenocorticotropic hormone 
(ACTH) (B on dy, 1980, Sch ed low sk i and  B en sch op , 1999). The hypothalamus releases 
cortico-releasing hormone (CRH) that acts on the anterior pituitary causing a release o f  
ACTH, which in-tum causes the release o f cortisol (F elig  et ah, 1995). Hypothalamic 
CRH is responsive to stress with a resulting increase in cortisol levels. Abnormal levels 
of cortisol within the human body can lead to metabolic disorders, such as Cushing’s 
syndrome (G irald i et a l, 2001). This has several clinical manifestations, a few examples 
of which are central obesity, hypertension, muscular weakness and osteoporosis (C analis  
et a l,  1979, T hom son , 1981, Ju b iz , 1985). Some of these manifestations have also been 
linked with excesses or deficiencies o f certain trace elements indicating possible inter­
relationships with these hormones. For example, high levels o f cadmium have been 
linked with hypertension (R ose, 1983) and low levels o f calcium have been linked with 
the onset o f osteoporosis (Jub iz , 1985, T am ura, 2000).
CH2OH
I
c= o
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The majority o f cortisol in plasma is carried bound to a specific binding protein called 
transcortin. The levels of this protein (and plasma cortisol) increase when oestrogens are 
administered. Above “normal” levels are therefore found in pregnancy and in individuals 
taking oral contraceptives (T h om son , 1981). Although no exact dividing line exists 
between “normal” and abnormal levels due to inter-person variability (F letcher, 1982). 
Increased blood serum levels of copper are also observed in pregnant women and in those 
taking oral contraceptives (P rasad  et a l 1975, T horp, 1980) -  could there be a 
synergistic relationship between cortisol and copper?
An increased level o f cortisol within the human body has an immunosuppressive effect, 
namely a reduction in antibody production, lymphocyte proliferation and natural killer 
cell cytotoxic activity (Sched low sk i and  B en sch op , 1999, G leeson  and B ish op , 2000). 
The increased level o f cortisol also interrupts the metabolism of carbohydrate and has a 
tendency to cause diabetes mellitus by breaking down liver glycogen and promoting the 
formation o f glucose from protein (T h om son , 1981, S houpe, 1997). Interestingly, zinc 
is required for the correct functioning o f carbohydrate metabolism (G roff and  G ropper, 
1995). Could there be an antagonistic relationship between zinc and cortisol? Another 
indication of this potential relationship is that stress causes a release of interleukin- 1  and 
this is associated with increased uptake o f zinc in the liver (C ousins and  L einhart, 
1988). In the liver, the extra zinc is bound to metallothionein, which may be induced by 
glucocorticoids, such as cortisol in response to stress. Furthermore, the increased uptake 
could be mediated through the induction of interleukin- 1  to synthesize interleukin-6 . 
Interleukin-6  directly stimulates the uptake of zinc by liver cells (Schroeder and  
C ousins, 1990). The induction o f metallothionein would then result from increased 
hepatic zinc concentration.
Cortisol also affects the metabolism of protein and fat (G roff and  G ropper, 1995), the 
maintenance o f muscle and myocardial integrity and the suppression of inflammatory or 
allergic activities (W illiam s, 1974). Again zinc may be connected, as virtually every 
aspect o f the immune system may be impaired by a dietary zinc deficiency (O ’D ell and  
S un d e, 1997, Sherm an, 2000).
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Prolactin levels in blood plasma (alongside serum cortisol) are measured as part of this 
study. The anterior pituitary produces prolactin and its secretion is regulated 
physiologically by inhibitory and releasing factors of the hypothalamus (T alw alker et 
al., 1963, B ow ers et al., 1971). The structure o f prolactin is similar to that o f the growth 
hormone. It contains 198 amino acids and has a molecular weight o f 22,500 units (Ju b iz , 
1985). Prolactin appears in the blood promptly after the administration o f thyrotropin- 
releasing hormone (B ow ers et a l 1971). Its main action is the initiation and 
maintenance o f lactation in women. Many factors increase the levels o f prolactin in the 
body, such as the administration o f oestrogens, progesterone and androgens (F rantz, 
1978, Ism ail et al., 1998). Stress and pregnancy have been associated with an excess of 
prolactin (hyperprolactinaemia). Pregnancy shows this association as the increasing 
levels o f oestrogens act directly on the anterior pituitary to stimulate prolactin release 
(T h om son , 1981). Hyperprolactinaemia has also been established as a common cause of 
infertility and gonadal disorders in men and women and is discussed in section 3.1.2 
(D em ura et al., 1982).
The dopamine system controls the existence o f a prolactin-inhibiting factor. In fact, 
dopamine itself is the inhibiting factor. Hence, factors that decrease the concentration of  
prolactin include the administration o f dopaminergic drugs such as L- 
dihydroxyphenylalanine (L-dopa) (F rantz, 1978, F elig  et a l, 1995).
As described above, psychological stress can affect the level o f hormones within the 
human body. An organism under the influence of stress is less capable of defending itself 
against infections, cancer cells and other disease factors. Exposure to endogenous or 
exogenous stressors can trigger a coordinated cascade o f autonomic, neuroendocrine and 
behavioural responses aiming to maintain the homeostatic balance o f the organism (V on  
B orell, 2000). These are the detoxifying mechanisms of the body; they are beneficial to 
the organism only in the short-term and are detrimental in the long-term (K on stan d i et 
al., 2000). Long-lasting effects o f uncontrollable stress on the central mechanisms o f  
behaviour, mood and neuroendocrine function are possible.
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Psychological stress has also been reported to have a direct effect upon the level of trace 
elements within the human body. For example, one study investigated how 
psychological stress affected the levels o f zinc, copper and selenium in the blood serum 
of human males. The results indicated a significantly lower level o f zinc and selenium in 
stressed males compared to a matched control population (P izent et al., 1999). Another 
study measured the levels o f iron, copper, zinc, selenium and protein in the blood plasma 
of human males. It was reported that after physical and psychological stress, the levels of 
zinc, iron, selenium and albumin had decreased, whereas, the levels o f ferritin and 
caeruloplasmin had increased in comparison to the control population (S in gh  et al.,
1991).
This information supports the hypothesis that an inter-relationship exists between the 
levels of stress, hormones and trace elements within the human body. The subject 
population for this investigation is infertile females, so the effect o f psychological stress 
on human fertility in particular needs to be considered.
3.1.2 The effect o f psychological stress on human fertility
Stress and infertility co-exist. In the majority of cases (~ 95 %), stress is the result of 
infertility rather than the cause (S ch en k er et al., 1992). As previously mentioned, the 
body responds to stressful events by releasing stress-hormones that help the body to 
prepare its response to increased demands. These hormones regulate each other and at 
the same time interact with other hormones, such as those that are responsible for 
reproduction and act directly on the reproductive system.
Normal reproductive function requires the concerted effort o f three anterior pituitary 
hormones, also known as the gonadotropins, namely follicle stimulating hormone (FSH), 
lutenising hormone (LH) and prolactin. FSH stimulates the development o f immature 
follicles. LH allows completion of this development and facilitates oestrogen secretion. 
LH and prolactin are both required for the conversion o f mature ovarian follicles to
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corporea lutea and also for the secretion of progesterone by the final corporea lutea 
(F rieden, 1976, V ok aer and  M au b erge , 1978).
The pelvic viscera is rich in autonomic innervation, both sympathetic and 
parasympathetic (S ch en k er et a l 1992). Within the ovaries, autonomic nerve terminals 
reach the pervascular interstitial areas and surround the follicles. The autonomic 
innervation controls ovarian blood supply, ovarian contractility, follicular size and 
ovulation. All secretoiy compartments within the ovary contain p-adrenergic receptors.
Activation o f these receptors influences both follicular development and hormone
!■
secretion. These receptors are down regulated by corticosteroids and epinephrine (Figure 
3.1) and upregulated by LH and prolactin. Changes in autonomic strain might influence 
the transport o f ova through the oviduct (S chenker et al., 1992).
Normal menstrual cycles are maintained by the pulsating release of gonadotropin 
releasing hormone (GnRH) from the hypothalamus. The integrated components o f the 
hypothalamic-pituitary-ovarian axis have a delicate coordinated interaction, which 
operates within a precise quantitative limit. Any disruption to this could result in 
anovulation; for example, catecholamine secretions mediate GnRH release within a 
critical range o f frequency and amplitude (V okaer and M au b erge , 1978). Interference 
with this metabolism could disturb GnRH release and result in anovulation.
Dopamine has an inhibitory effect on GnRH secretion and its concentration in the central 
nervous system is influenced by stress. As described in section 3.1.1, abnormal levels o f  
prolactin have been established as being a common cause o f infertility. Prolactin levels 
are raised during both chronic and acute stress. These elevated levels may cause 
infertility by three possible mechanisms (S ch en k er et al., 1992):
• women with high prolactin levels have elevated dopamine levels, which 
suppresses GnRH release;
• high prolactin levels suppress gonadotropins;
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• elevated prolactin levels in follicular fluid suppress normal follicular 
steroidogenesis.
Cortico releasing hormone (CRH), which is released during stress, inhibits the release o f  
lutenising hormone (LH) and the secretion o f GnRH. Little data exists on the effect o f  
serotonin on infertility. However, serotonin levels increase during stress and may be 
responsible for the increasing levels o f prolactin and the direct inhibition of GnRH 
secretion (S ch en k er et al., 1992).
The levels of endogenous opiates within the body are raised during stress and intense 
exercise. (3-Endorphin is five times more potent than any other endogenous opiate. Its 
role in body homeostasis is through cardiovascular and respiratory regulation, 
temperature homeostasis, pain perception and mood. It also regulates the hormones, 
which are responsible for a normal menstrual cycle and its secretion is regulated by sex 
hormones. An increased level of p~endorphin causes a decrease in LH. This fall is as a 
result o f GnRH suppression in the hypothalamus. This effect is by direct influence on 
GnRH release and also by elevation o f the concentration o f norepinephrine (Figure 3.1), 
which modulates GnRH secretion (S ch en k er et al., 1992).
Women undergoing IVF have described the treatment as the most stressful experience o f  
their life, mainly due to the feeling o f loss o f control. As a result, the women undergoing 
treatment manifest high levels o f emotional distress, especially anxiety, depression and 
hostility. In 25 % o f cases, when the woman was the healthy partner and was being 
treated using artificial insemination by donor (AID), a change occurred from regular 
ovulation to an anovulatory state for a few months and it was concluded that this was due 
to stress (G lezerm an, 1981).
Stress has an effect on the male partner as well. Even if the fertility problem is solely 
related to the female, males feel pressurized to provide an adequate semen sample and 
also feel concern for their partner, who has to undergo procedures like egg retrieval.
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These factors along with the uncertainty of the fertilisation result contribute to increasing 
stress levels (C larke et al., 1999).
Stress can also have a negative impact on various sperm parameters associated with 
semen quality, such as sperm concentration, motility and morphology. A significant 
decline in semen quality has been found in fertile males at the time of egg retrieval 
compared to their first visit, namely the pre-IVF sampling period. Though inherent 
variability exists in semen quality, repeated semen samples showed a decrease in the 
fertility index eight times more than it improved (S chenker et al., 1992). This shows an 
inverse relationship between sperm quality and psychological stress. The spermatogenic 
cycle in a human male is approximately 70 days (time required for an undifferentiated 
spermatogonium to develop and mature into a motile sperm cell) (F rishm an, 1995). The 
sampling interval between pre-IVF and egg retrieval is 30 - 45 days, so it is unlikely that 
the increasing stress experienced over this time period exerts a direct effect on sperm 
production. The effects are more likely indirect via the hormonal content o f  
spermatogenesis (C larke et al., 1999).
Another study involving testicular biopsies from prisoners awaiting sentencing, revealed 
complete spermatogenic arrest in all cases (C larke et al., 1999). High levels of plasma 
prolactin are known during periods o f stress and men suffering from impotence have 
been shown to have high levels o f plasma prolactin (F letcher, 1982). Milder forms o f  
stress also result in depressed testosterone levels. This may be a result of the activation 
of hormones from the hypothalamic-pituitary-adrenal axis, which are known to be 
elevated in response to stress. Changes in LH and testosterone may further affect the 
sympathetic and parasympathetic systems in acute stressful situations that directly 
influence testicular function and sperm quality (C larke et al., 1999).
Stress is a common factor in all IVF patients, both male and female and it has a 
continuous effect, as shown in Figure 3.3.
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Emotional stress
Anger, isolation, Ovulatory defect, tubal spasm,
guilt, sexual dysfunction, impaired
grief spermatogenesis
Figure 3.3: Emotional stress and the infertility cycle (after S eibel, 1997).
3.1.3 The inter-relationship between trace elements and hormones
This study investigates how psychological stress could affect human fertility through its 
impact on the level o f either hormones or trace elements or both. Trace elements have 
already been clinically implicated in a variety o f roles within endocrinology, namely 
thyroid function, growth, gonadal function, adrenal function, prolactin secretion and 
glucose homeostasis (N eve, 1992).
Iodine, selenium and zinc are all implicated in the regulation o f thyroid function. Iodine 
is found in the biosynthesis and metabolism o f thyroxine (T4) and triiodothyronine (T3) 
(N eve, 1992, F eb g  et a l, 1995). Selenium is important in thyroid hormone production, 
as a deficiency o f selenium causes changes in the thyroid hormone metabolism 
particularly in the conversion o f T4 to the active T3 (B eck ett et a l,  1989, R aym an ,
2000). When a selenium deficiency exists, this conversion does not occur as readily and 
an increased level o f T4 (and a corresponding decrease in T3) exists in plasma (A rth ur  
and B eck ett, 1989, St. G erm ain , 2001). Evidence has now been postulated that zinc 
may also be involved in thyroid homeostasis (L icastro et a l, 1992). A deficiency of zinc 
has been associated with lower levels o f  hypothalamic thyrotropin-releasing hormone, 
thyrotropin hormone and of T3 and T4 (H alstead  and  Sm ith , 1970).
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Growth inhibition can result partly from impaired appetite and from impaired food 
utilisation as a result o f zinc deficiency (P rasad , 1985). However, the effects could also 
be mediated through changes in the production or secretion of hormones, such as the 
growth hormone (GH) (S an dstead , 2000). Zinc binds to the growth hormone and 
induces its dimerisation (V allee and  F alch u k , 1993).
Impairment in gonadal function, for example, hypogonadism, can result from zinc 
deficiency. Treatment with zinc is followed by accelerated sexual maturation and/ or
correction o f androgen deficiency (P rasad , 1985). Zinc is the cofactor of several
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enzymes, including some implicated in hormone biosynthesis, such as 5 a-desaturase, 
which facilitates the transformation o f testosterone into dihydrotestosterone (N eve, 
1992). A linear relationship exists between serum zinc and circulating testosterone 
levels. Zinc may also enhance biological activity of steroid receptors that contain zinc 
finger proteins (N eve, 1992). Copper is also related to gonadal function as the 
administration of copper stimulates the release o f GnRH and LH (N eve, 1992). For 
females, copper is implicated in oestradiol action. For example, the increase o f oestrogen 
during pregnancy is coupled with an increase in levels of circulating copper. The use of 
oral contraceptives also increases plasma copper and decreases plasma zinc (Prasad et 
a l, 1975, T horp , 1980, N eve, 1992).
Zinc, copper and selenium have been linked to the correct functioning o f the adrenal 
system. The adrenocorticotropic hormone (ACTH), which regulates corticosteroid 
synthesis in the adrenal cortex, seems to be functionally dependent on zinc (N eve, 1992). 
ACTH and glucocorticoids can both induce an increase in serum caeruloplasmin levels, a 
circulating copper-containing protein possessing anti-inflammatory properties (N eve,
1992). Selenium status is also affected by corticosteroids administration and is a dose- 
dependent relationship (P eretz et a l, 1989).
Zinc influences pituitary prolactin secretion at physiologically relevant concentrations. 
The element inhibits the basal, as well as the thyroid releasing hormone-controlled 
release o f prolactin (L ogin  et a l, 1983). Therefore, an inverse relationship exists
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between plasma zinc and serum prolactin. Moreover, serum prolactin is lowered in 
uremic patients after zinc supplementation (M ah ajan  et al., 1983).
Glucose homeostasis is directly affected by elements, such as zinc, chromium, 
manganese and vanadium. Zinc is directly involved in the physiology of insulin. The 
hormone is stored in the pancreatic p cells as a hexameric crystal containing a variable 
number of zinc proteins (K irchgessn er and  R oth , 1980). Alongside this structural role, 
zinc can modulate insulin action. Abnormal zinc metabolism has been demonstrated in 
both insulin dependent (type I) and non-insulin dependent (type II) diabetes mellitus 
(W ard  and P im , 1984, N eve, 1992). Chromium is the most thoroughly investigated 
element in relation to glucose tolerance. It is believed to be an essential component o f  
the glucose tolerance factor, which acts to bind insulin to membrane receptors in sensitive 
tissues (N eve, 1992). It is postulated that diabetics are unable to convert inorganic 
chromium to a physiologically active form (M ertz et al., 1989). Supplementation with 
both zinc and chromium has been shown to have potential antioxidant effects in humans 
with (type II) diabetes mellitus (A n d erson  et al., 2001). Manganese and vanadium have 
also been investigated in relation to glucose tolerance. Studies with animals indicated 
that manganese might modulate the secretion, synthesis and degradation o f insulin and 
the tissue responsiveness to the hormone (K orc, 1988). The oral administration of 
vanadium salts to chemically induced diabetic rats normalised the high blood glucose 
concentration. Unfortunately, the active doses also induced the considerable toxic effects 
o f vanadium salts (D om ingo et ah, 1990).
This study uses blood serum for trace element analysis, blood serum and plasma for 
hormone measurements and standardised, registered Spielberger stress questionnaires to 
determine the psychological stress level o f each subject.
3 .2  S p ielberger Stress Q uestionn aires
Four identical self-evaluation questionnaires were given to all people participating in the 
trial (Appendix 1). The first questionnaire was completed just after the blood sample
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was collected; the second was completed at home one week later, the third one week after 
that and the fourth again one week later. The questionnaires were standard, registered 
trait-anxiety inventories (Sp ielberger, 1983), which have been shown to have good 
reliability (G olom b ok  and M u rray , 1999). The tests determine how the participant is 
feeling at that particular moment (state test) and also their predisposition (trait test).
3.3  Stress Study: Sam ple C ollection  and  Preparation
The hormones, prolactin (in blood plasma) and cortisol (in blood serum) were measured 
at Hammersmith Hospital, London.
An Architect® prolactin assay (a two-step chemiluminescent microparticle 
immunoassay) was used to determine the level o f prolactin in blood plasma. Firstly, the 
sample and anti-prolactin-coated paramagnetic microparticles were combined; so that the 
prolactin in the sample could bind with these microparticles. After washing, anti­
prolactin acridinium labelled conjugate, along with Pre-Trigger and Trigger solutions 
were added to the reaction mixture. The resulting chemiluminescent reaction was 
measured as relative light unit’s (RLU), as a direct relationship exists between the 
amount o f prolactin in the sample and the RLU’s detected by the Architect® i optical 
system (A rch itect®  System , 2000).
A Nichols Advantage® chemiluminescence immunoassay was used to determine the 
level of cortisol in blood serum. It utilised a biotinylated cortisol derivative, streptavidin 
coated magnetic particles and a mouse monoclonal antibody to cortisol, which was 
labelled with an acridinium ester. Firstly, the blood serum was incubated with the 
biotinylated cortisol and the acridinium labelled antibody. After an initial incubation 
period, streptavidin coated magnetic particles were added to the reaction mixture and a 
second incubation period followed. The biotinylated cortisol and the cortisol in blood 
serum then competed for the limited amount o f chemiluminescence antibody. Unbound 
labelled antibody was then separated by aspiration of the reaction mixture and subsequent 
washing. The wells containing the washed magnetic particles were transported to the
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system luminometer, which injected Triggers 1 and 2, initiating the chemiluminescent 
reaction. The light was quantitated by the luminometer and expressed as RLU’s. The 
amount o f bound labelled antibody was directly proportional to the concentration of 
cortisol in the blood serum (Nichols Advantage®, 2000).
Blood serum was the only media used for the analysis o f trace element levels. The 
samples were all collected as described in section 2.4.1.
3.3.1 Preparation o f blood serum
t'
A microwave digestion unit became temporarily available and was used to prepare all 
blood serum samples, alongside the optimum dilution method that had been evaluated in 
section 2.7. The advantages of using a microwave are that it is quick, contamination 
from the air is reduced and a low volume of acid is required resulting in a minimal 
reagent blank level due to no or limited acid loss.
3.3. L l  Microwave digestion procedure
A  CEM Microwave sample preparation system (CEM Microwave Technology, Ltd., 
Buckinghamshire) was available with an advanced composite vessel accessory set.
A 0.50 ± 0.01 g aliquot o f sample was weighed directly into the digestion vessel and 10 
mL concentrated HNO3 (Aristar™) and 1 mL H2O2 were added to each vessel. The 
samples were then digested using the program shown in Table 3.1.
Table 3.1: Microwave digestion procedure.
Stage 1 2
% Power 50 50
PSI 1 0 0 2 0 0
Time (min) 5 15
Temp (°C) 10 0 2 0 0
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To reach each stage there was a ramping period of 5 minutes and the time stated is the 
holding time for that particular stage. The samples were then cooled to below 40 °C and 
transferred to 25 mL polypropylene volumetric flasks and made to volume with double 
distilled deionised water (DDW). The samples were then transferred to 25 mL 
polypropylene containers (Sterilin™) and stored in the refrigerator at ca. 4 °C. Between 
each digestion program a rinse procedure was carried out using DDW, DECON™ 
detergent, then acid washed using 10 mL 5 % (v/v) HNO3 (Aristar™). This was added to 
the vessels and heated to ca. 110 °C over 5 minutes.
3.4 Stress Study: Blood Serum Analysis
All blood serum samples were analysed for selenium, iron, copper, zinc, magnesium, 
calcium, cadmium and lead. Flame atomic absorption spectrometry (FAAS) and both 
electrothermal vaporisation (ETV) and pneumatic solution nebulisation (PSN) 
inductively coupled plasma mass spectrometry (ICP-MS) were used to perform the 
analysis.
3.4.1 Flame atomic absorption spectrometiy
The blood serum samples were analysed by FAAS for magnesium and calcium. For 
magnesium analysis, the blood serum samples were prepared (as described in section 2.7) 
using a 1 in 10 fold dilution with 1 % (v/v) HNO3 (Aristar™). The analysis of calcium 
by FAAS requires a matrix modifier as calcium is subject to suppression in the flame, for 
example by silicon. As a result, 1 mL of the 1 in 10 fold diluted solution prepared for 
magnesium analysis was diluted further with 1 % (v/v) HNO3 (Aristar™) that contained 
1000 mg L' 1 lanthanum (matrix modifier), so a final 1 in 100 fold dilution was achieved. 
Based on the levels reported in “normal” human blood serum (Table 1.2), these dilution 
factors brought the levels o f magnesium and calcium (1,8 -  2.7 mg L’ 1 and 0.89 -  1.03 
mg L"1, respectively) to within the detection capabilities and linear dynamic range of 
FAAS (as discussed in section 2.1.4 and 2.1.5).
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Single element hollow cathode lamps were used for the analysis o f both magnesium and 
calcium. A wavelength of 285.2 nm and current of 8 mA was chosen for magnesium and 
a wavelength o f 422.7 nm and a current o f 7 mA was utilised for calcium.
Seronorm™ Trace Element Serum (Lot 704121) was used as the certified reference 
material for both magnesium and calcium analysis. Good agreement was observed 
between the determined and the certified values. The certified value (and range) for 
magnesium is 20 (19.4 -  20.5) mg L"1, the determined value and standard deviation (SD) 
(n = 6 ) was 19.9 ± 3.1 mg L"1. The certified value (and range) for calcium is 89 (8 8  -  90) 
mg L'1, the determined value and standard deviation (SD) (n == 6 ) was 84.2 ± 6.4 mg L"1.
3.4.2 Inductively coupled plasma mass spectrometry using ETV
ETV-ICP-MS analysis was performed at the Agricultural University in As, Norway due 
to the availability o f this alternative sample introduction technique. This technique was 
used to measure the levels o f cadmium in the blood serum samples that had been 
prepared using microwave digestion (section 3.3.1.1). Isotope-111 was used as opposed 
to isotope-112 because the tin interference on n2Cd+ made the cadmium levels 
undetectable, despite ETV-ICP-MS offering a limit of detection (0.01 pg L"1) an order of 
magnitude below that obtained using pneumatic solution nebulisation (PSN) ICP-MS 
(0.14 pg L"1) (section 2.9.1).
Seronorm™ Trace Element Serum (Lot 704121) was again used as the certified reference 
material (CRM). The determined value from the ETV analysis (n = 5) was 0.49 ± 0.12 
pg L"1. No certified value exists for cadmium in this CRM, however, a previous study 
within our laboratory stated 0.60 ± 0.09 pg L' 1 (using a 1 in 10 fold diluted solution) as 
an information value for comparison (Stovell, 1999). However, this particular study 
reported difficulties in detecting low levels of cadmium, especially as the optimised PSN- 
ICP-MS conditions were for multi-element mode (82Se+, 54Fe+, 65Cu+, 66Zn+, 112Cd+ and 
208Pb+). The Finnigan MAT SOLA ICP-MS instrument is also known to have reduced
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sensitivity at the high mass (m/z) levels. Therefore, the cadmium value of 0.60 pg L' 1 
may have a positive systematic error, due to the signal to noise ratio being influenced by 
the blank, dilution factor and poor sensitivity (low counts per second). ETV-ICP-MS has 
better sensitivity making the value obtained using this method (0.49 ±0.12 pg L'1) more 
reliable.
An ELAN 6000 ICP-MS was available for use in Norway. A series of optimisation 
experiments (using both standard and blood serum solutions) were performed on the 
instrument to develop an ideal method for the analysis of cadmium in blood serum. Thei’
nebuliser flow rate, lens voltage and the scan parameters were all investigated. 
Following optimisation, the instrument parameters were set as follows:
•  forward power = 1.025 kW;
• lens voltage = 6.0 V;
• nebuliser flow rate — 1.1 L min'1;
• scan parameters = dwell time o f 10 ms, 1 channel, 3 scans and 120 passes.
The ETV unit was a Perkin Elmer Sciex HGA-600MS and the auto-sampler was a HGA- 
AS60. The conditions for ETV analysis were also optimised and then set as follows:
• closure delay o f = -  2  seconds;
• read delay o f = 0.5 seconds;
•  sample volume = 2 0  pi;
• injection temperature = 20 °C.
The ETV programme was optimised step-by-step and the final programme is shown in 
Table 3.2.
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Table 3.2: ETV programme for cadmium analysis o f blood serum using the ELAN 6000 
ICP-MS and HGA-600MS.
Step Cell Temp 
(°C)
Ramp
Time
(sec)
Hold
Time
(sec)
Internal
Flow
Gas to 
Vent
Gas to 
ICP
Read
1 80 1 0 15 300 X
2 1 2 0 1 0 15 300 X
3 800 2 0 1 0 300 X
4 2400 0 . 1 4 0 X X
5 2600 1 . 0 2 0 X
When blood serum samples were analysed without the addition o f a chemical modifier, a 
double peak, rather than a single peak was obtained. The sample preparation o f the blood 
serum samples was investigated in the hope of improving both peak shape and sensitivity. 
This was achieved through the addition o f a modifier. Two modifiers, namely Triton-X 
100 (BDH Ltd., Poole, UK) and NH 4 H2 PO4  were investigated at varying concentrations, 
both as modifiers individually and when added together. The best results based on peak 
shape and signal intensity were obtained when the final concentration of Triton-X 100 
and phosphate in the sample was 0.06 and 0.25 %, respectively.
The samples and standards were all prepared in the same way:
• 0.5 mL blood serum (or standard at double the concentration required);
• 0.05 mL 100 pg L' 1 internal standard (in 1 % (v/v) HNO3 );
•  0.20 mL Triton-X 100 (concentration of 0.30 %);
• 0.25 mL NH 4 H2PO4  (concentration of 1 %).
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3.4.3 Inductively coupled plasma mass spectrometry using PSN
The microwave-digested blood serum and the 1 in 10 fold diluted blood serum samples 
(prepared for FAAS analysis) were also analysed at the University o f Surrey by PSN- 
ICP-MS. The microwave-digested blood serum samples were analysed for 57Fe+, 65Cu+, 
66Zn+, 26Mg+ and 44Ca+, and the 1 in 10 fold diluted blood serum samples were analysed 
for 82Se+, 57Fe+, 65Cu+, 66Zn+, 26Mg+, 44Ca+, 112Cd+ and 208Pb+. A quality control statistical 
evaluation, namely a Paired t-test was used to see if there were any significant differences 
at the 95 % confidence level (P -  0.05) in the results obtained from the different methods 
(M iller  and  M iller, 1993). Further details of this statistical evaluation are described in 
section 3.6.1.
Seronorm™ Trace Element Serum (Lot 704121) was used as the certified reference 
material (n = 5) and a good agreement was observed between the measured and certified 
values. The results are shown in Table 3.3.
Table 3.3: Seronorm™ Trace Element Serum (Lot 704121) values obtained using PSN- 
ICP-MS.
Element Mean (SD)(n = 5) 
mg L"1, *pg L"1
Certified value (range) 
mg L'1, *pg L' 1
Selenium
Iron
Copper
Zinc
Magnesium
Calcium
Cadmium
Lead
*79.2 (4.3) 
1.25 (0.09) 
1.14(0.20) 
1.42 (0.13) 
22.6 (1.5) 
86.5 (1.8) 
*0.45 (0.10) 
*1.35 (0.42)
*80 (7 0 -9 2 )  
1.1(1 .04-1 .14)  
1.3 (1 .19-1 .38)  
1.48(1 .35- 1.67) 
20 (19 .4-20 .5) 
89 (8 8 -9 0 )  
*0.60 (SD = 0.09)A 
*0.97 (SD = 1.04)A
A These values are not certified; they are information values determined by Stovell, 1999.
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3.5 Stress Study: Trace Element Levels in Blood Serum - Results
The measured trace element levels within the blood serum samples are shown in Table
3.4. All reported concentrations were the values obtained using PSN-ICP-MS (from the 
1  in 1 0  fold diluted samples), apart from cadmium whose concentrations were determined 
using ETV-ICP-MS. The mean value determined for the sample population (n = 47) 
along with the standard deviation (SD) and the range are presented. These values were 
calculated using Microsoft Excel™. The highlighted minimum and maximum values are
i'
concentrations that lie outside o f the reported “normal” range for those elements. These 
values could be statistical outliers (section 3.6) or could possibly be a direct result o f the 
sample collection procedure.
The trace element levels in blood serum from a control population (n = 18) were also 
measured. These samples were obtained at a later date (for the “Trace Elements in 
Human Infertility” study, described in Chapter Four) from women who have no known 
fertility problems and are relatively “unstressed”. The samples were collected in a 
similar manner to those o f the infertility group and the sample preparation was identical. 
These results are not included in Table 3.4 as they are considered to be a separate 
population. The results from the control group (C) are reported in section 3.6.2.9 and are 
used for statistical evaluations in section 3.6.3.
The mean and standard deviation for each element indicate that the majority o f the results 
are within the range expected for human blood serum based on reports in the literature. 
The exceptions to this are the mean values of copper and zinc, which are higher and 
lower, respectively than the reported literature values. The high copper levels could be 
as a result of the sample collection, as there was no control over this procedure due to it 
being an extension o f a pre-existing study. However, the levels could be due to an 
antagonistic relationship between zinc and copper. An investigation into relationships/ 
correlations between all o f the elemental levels was performed and is reported in section
134
3.6.4.2. The relationship between the measured copper and zinc levels is discussed 
further in that section.
Table 3.4: Total elemental content o f “stress” blood serum samples.
Element 
/ Isotope
Units Mean (SD) Blood serum - range 
(n = 47)
Blood serum - 
“Normal” range*
feSe+ mg L"1 0.04 (0.01) 0.02 -  0.07 0 .045-0.106
57Fe+ mg L"1 1 . 1 1  (0.08) 0 .99-1 .24 0 .8 -1 .5
65Cu+ mg L' 1 1.59 (0.31) 0 .95-2 .35 0 .8 -1 .4
66Zn+ mg L"1 0.46 (0.22) 0 .06-1 .01 0 .8 -1 .3
26Mg+ mg L"1 23.02 (2.10) 15.67-27.22 18 .1-26 .9
44Ca+ mg L ' 1 101.51 (9.92) 79.70-145.50 89.1-102.6
11 ‘Cd+ flgL ’ 1 0.47 (0.27) 0 .09-4 .75 0 .2 - 0 .8
208pb+
flg L' 1 0.73 (0.27) 0 .29-2 .61 0 . 5 - 2 .0
•Source: Versieck and Cornells, 1989, Stovell, 1999. Highlighted values are outside of 
the “normal” range that is reported in the literature.
3.6 Stress Study: Statistical Evaluation of Blood Serum Data
A series o f statistical evaluations was performed on the results, namely:
» elemental distribution (whether normal or log-normal);
® removal o f any statistical outliers using a Dixon’s Q-test;
® a two-tailed F-test to ensure that there was no significant difference in the
sample variances o f each o f the infertility groups and the control group;
® a Student t-test to investigate any significant differences between the element/ 
hormone results in the different types of infertility, namely tubal, unexplained 
or male factor and a control group;
® determination o f a product moment correlation coefficient (r) with the level 
of significance determined by a two tailed t-test and n -  2  degrees of freedom.
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A Paired t-test was also used to test for any significant differences in the results obtained 
from the different analytical methods (as discussed in section 2.10 and 3.6.1). Further 
details o f all statistical tests can be found in Appendix 2.
3.6.1 Inter-method/ laboratory comparisons
Inter-method and inter-laboratory comparisons were performed; calcium and magnesium 
were both measured using FAAS and PSN-ICP-MS; the reference material pooled serum 
and Seronorm™ Trace Element Serum (Lot 704121) were analysed at the ICP-MS 
Facilities in Surrey (Department o f Chemistry) and Norway (Agricultural University, 
As). A Paired t-test was performed to ensure that the results obtained from each method 
were not significantly different at the 95 % confidence level (P = 0.05). The null 
hypothesis states that there is no significant difference between the results obtained from 
the two-methods or laboratories. As reported in section 2.10, no significant differences 
were observed at the 95 % confidence level (P = 0.05), for example, the determination o f  
cadmium in pooled serum (n = 4), gave a calculated t value (tcaic) o f 2.97 and this is less 
than the critical t value ( n - l  degrees o f freedom) (tcrjt) o f 3.18. This means that the null 
hypothesis is held and there is no significant difference in the results obtained from the 
two analytical laboratories.
3.6.2 Distribution o f the elements
The concentrations obtained for each element Were plotted in a histogram and the type o f  
distribution was investigated. A distribution curve is reported to be normal or o f  
Gaussian distribution if the median is similar to the arithmetic mean and is said to be log­
normal if the median is similar to the geometric mean (Brooks, 1972). The curve is also 
reported to be o f normal distribution if approximately 6 8  % o f the population lies within 
± one standard deviation (SD) o f the mean, approximately 95 % o f values lies within ± 2 
SD o f the mean and approximately 99.7 % o f values lies within ± 3 SD o f the mean 
(Miller and Miller, 1993). All data presented was calculated using Microsoft Excel™.
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3.6.2.1 Selenium
Selenium follows a normal distribution, based on a visual observation of the histogram 
shown in Figure 3.4 and the tact that the median, arithmetic and geometric mean are all 
close. A Dixon’s Q test (Appendix 2) showed that the selenium concentrations contained 
no statistical outliers. The minimum concentration (0.015 mg L'1) had a Qcaic value of 
0.125 and the maximum concentration (0.071 mg L'!) had a Qcaic value o f 0.018. Neither 
of these was an outlier, as the Qcaic values were lower than the value (n = 47) o f 
0.353.
Arithmetic mean 0.039 mg L'
SD 0.014 mg L"
Geometric mean 0.037
Median 0.039 mg L"
Min 0.015 mg L'
Max 0.071 mg L'
Count (n = ) 47
(%  within) 1SD 53.2
(%  within) 2SD 87.2
(%  withirfi 3RD 97 8
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Figure 3.4: Distribution o f selenium.
The concentration of selenium in “normal'’ human blood serum (shown in Table 3.4) is 
0.045 -  0.106 mg L"\ Previous studies on the blood serum of a similar population of 
infertile patients showed selenium concentration levels of 0.06 -  0.13 mg L" 1 (Stovell, 
1999). The range obtained in this study (0.015 -  0.071 mg L'1) appears to be slightly 
lower than those obtained by Stovell and those reported in the literature. A possible 
explanation is that stress has been shown to decrease serum selenium levels when 
compared to controls (Pizent et al.y 1999) and the action of corticosteroids has also been 
shown to decrease selenium levels (Peretz et al.y 1989).
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3.6.2.2 Iron
Iron follows a normal distribution, the median, mean and geometric mean are all 
extremely close as can be observed in Figure 3.5. A Dixon’s Q test showed that the 
determined iron concentrations contained no statistical outliers. The minimum 
concentration (0.99 mg L 1) had a Qcaic value of 0.04 and the maximum concentration 
(1.24 mg L'1) had a Qcaic value of 0.04. Neither of these was deemed to be an outlier as 
they were less than the Qcrjt value (n = 47) of 0.353.
Arithmetic mean 1.11 mg L'1
SD 0.08 mg L'1
Geometric mean 1 .1 1
Median 1.10 mg L'1
Min 0.99 mg L'1
Max 1.24 mg L'1
Count (n = ) 47
% inside 1SD 65.9
% inside 2SD 100
% inside 3SD 100
1 2
10
c
£  4LL.
2  
0
0 .9 5 -  1 .0 0 - 1 .0 5 - 1 .1 0 - 1 .1 5 -  1 .2 0 -  
0.99 1.04 1.09 1.14 1.19 1.24
Concentration (mg L~1)
Figure 3.5: Distribution of iron.
The concentration of iron reported in “normal” human blood serum (shown in Table 3.4) 
is 0.8 -  1.5 mg L'1. Previous studies on the blood serum of a population of infertile 
patients showed higher iron levels (0.65 -  4.83 mg L"1) (Stovell, 1999). The range 
obtained in this study (0.99 -  1.24 mg L'1) appears to be in better agreement with the 
literature values. This was initially surprising due to the similarity of the two study 
populations. However, in the previous study a haemolysis problem was reported and the 
determined CRM value (Seronorm™ Trace Element Serum, Lot 704121) for iron (1.47 ± 
0.07 mg L'1) was higher than the certified range (1.04 -  1.14 mg L'1) indicating that a 
contamination or interference could have contributed to the iron levels of that study 
population.
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3.6.2.3 Copper
Copper follows a normal distribution due to the median, arithmetic and geometric mean 
all being incredibly close and from a visual observation of the histogram shown in Figure 
3.6. A Dixon’s Q test showed that the determined copper concentrations contained no 
statistical outliers. The minimum concentration (0.95 mg L'1) had a Qcaic value of 0.007 
and the maximum concentration (2.35 mg L'1) had a Q^k value of 0.19. Neither of these 
was deemed to be an outlier as they were both less than the Qcrit value (n = 47) of 0.353.
Arithmetic mean 1.59 mg L"1
SD 0.31 mg L'1
Geometric mean 1.56
Median 1.56 mg L"1
Min 0.95 mg L 1
Max 2.35 mg L"1
Count (n = ) 47
%  inside 1SD 70.2
% inside 2SD 91.5
% inside 3SD 100
Figure 3.6: Distribution of copper.
The concentration o f copper in “normal” human blood serum (shown in Table 3.4) is 0.8 
-  1.4 mg L'1. Previous studies on the blood serum of a similar population o f infertile 
patients showed copper concentration levels o f 0.85 -  1.97 mg L' 1 (Stovell, 1999). The 
range obtained in this study (0.95 -  2.35 mg L'1) appears to be similar to those obtained 
from the infertile patients in that they both tend to be slightly higher than those reported 
for “normal” blood serum. The higher levels could be as a result of the subject 
population not being “normal” women; instead they are infertile women undergoing IVF 
treatment. Low levels of zinc have been reported in blood serum of infertile women 
(Stovell, 1999), conversely it is therefore suggested that higher levels of copper could be 
present as a result of their antagonistic relationship (Suzuki et a l 2001). It could also be
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due to previous contraceptive history or an increase in stress levels. Raised stress levels 
causes an increase in ACTH, which induces increases in serum caeruloplasmin levels, a 
copper-containing protein (N eve, 1992).
3.6.2.4 Zinc
As the median, arithmetic and geometric mean were all close, it has been determined that 
zinc follows a normal distribution. This is confirmed by a visual observation o f the 
histogram shown in Figure 3.7. A Dixon’s Q test showed that the zinc concentrations 
contained no statistical outliers. The minimum concentration (0.06 mg L'1) had a Qcaic 
value of 0.04 and the maximum concentration (1.01 mg L'1) had a Qcaic value of 0.095. 
Neither of these was deemed to be an outlier because they were lower than the Qcrit value 
(n = 46) of 0.355.
Arithmetic mean 0.46 mg L 1
SD 0.22 mg L’1
Geometric mean 0.40
Median 0.45 mg L'1
Min 0.06 mg L‘1
Max 1.01 mg L'1
Count (n = ) 46
(%  within) 1SD 69.6
(%  within) 2SD 91.3
(%  within) 3SD 100
10  
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Figure 3.7: Distribution of zinc.
Previous studies using blood serum for analysis of a similar population of infertile 
patients showed zinc concentration levels of 0.65 -  1.14 mg L' 1 (S tovell, 1999). The 
concentration of zinc in “normal” human blood serum reported in the literature (shown in 
Table 3.4) is 0.8 -  1.3 mg L'1. The range obtained in this study (0.06 -  1.01 mg L'1) 
appears to be slightly lower than those obtained by Stovell and those reported in the 
literature. As reported in section 3.6.2.4, this could be due to the antagonistic 
relationship between zinc and copper (S u zu k i et at., 2001). Stress-hormones also affect
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zinc levels; epinephrine causes a time-dose dependent increase in interleukin- 1 and 
interleukin-6  (Sandergaard  et al., 2000). Interleukin-6  stimulates the uptake of zinc by 
liver cells, resulting in a decrease in serum zinc levels (Schroeder and C ousins, 1990).
3.6.2.5 Magnesium
Magnesium appears to be of a normal distribution, based on a visual observation of the 
data and also the median is closer to the arithmetic mean than the geometric mean as 
shown in Figure 3.8. Through the use of a Dixon’s Q test it was determined that the 
minimum magnesium concentration of 15.67 mg L' 1 was an outlier, as Qcaic (0.383) was 
greater than the Qcrjt value (0.353) (n = 47). The maximum value o f 27.22 mg L*1 was 
determined not to be an outlier as Q i^c (0.11) was less than Qcrjt (0.355) (n = 46). Figure
3.9 shows the distribution o f magnesium after the outlier has been removed.
Arithmetic mean 23.02 mg L
SD 2.10 mg L"1
Geometric mean 22.92
Median 23.11 mg L‘
Min 15.67 mg L"
Max 27.22 mg L
Count (n = ) 47
% inside 1SD 68.1
% inside 2SD 97.9
% inside 3SD 97.9
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Figure 3.8: Distribution of magnesium.
The distribution of magnesium is still normal after the removal o f an outlier, despite the 
median now being closer to the geometric mean than to the arithmetic mean. The 
difference is minimal especially when the standard deviation and sample number (n = 46) 
are considered.
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Arithmetic mean 23.18 mg L"
SD 1.81 mg L"1
Geometric mean 23.11
Median 23.17 mg L
Min 20.09 mg L"
Max 27.22 mg L"
Count (n = ) 46
% inside 1SD 60.1
% inside 2SD 97.8
% inside 3SD 100
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Figure 3.9: Distribution of magnesium with one outlier removed.
The sample population consists of infertile women who are undergoing IVF treatment 
and are therefore not a “normal” population. Previous work on the blood serum of 
infertile patients in our laboratory did not measure magnesium, however, in comparison 
to the literature range for magnesium concentration in “normal” human blood serum 
(18.1 -  26.9 mg L'1), the measured levels (20.09 -  27.22 mg L"1) are in good agreement.
3.6.2.6 Calcium
For calcium, a large proportion of the sample concentrations are within one standard 
deviation of mean. As a result of the standard deviation and the sample population 
number, the distribution will be recorded as normal. The minimum and maximum 
calcium concentration values were statistically tested to see whether they were outliers. 
The minimum value (79.70 mg L'1) had a Qcaic value of 0.138 and the maximum value 
(145.50 mg L'1) had a Q i^c value of 0.29. Neither of these was deemed to be an outlier 
based on the fact that they were both lower than the Qcrit value (n = 47) of 0.353.
Previous work on the blood serum of infertile patients in our laboratory did not measure 
calcium, so no comparisons can be made to a similar population. However, in 
comparison to the literature range for the concentration of calcium in “normal” human
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blood serum (89.1 -  102.6 mg L'1), the determined levels (79.70 -  145.50 mg L'1) tended 
to be slightly higher.
Arithmetic mean 101.51 mg L'1
SD 9.92 mg L'1
Geometric mean 101.08
Median 99.55 mg L'1
Min 79.70 mg L'1
Max 145.50 mg L'1
Count (n = ) 47
% inside 1SD 82.9
% inside 2SD 93.6
% inside 3SD 97.9
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Figure 3.10: Distribution o f calcium.
The metabolism of calcium is complex and is affected by several hormones, for example, 
parathormone, growth hormone, thyroid hormone, sex hormones (testosterone and 
oestrogen) and most importantly cortisol and other glucocorticoids (B ronner, 1997). 
High levels of cortisol act to break down the bone by removing the bone matrix with 
secondary loss of the hydroxyapatite component (calcified material) (T hom son , 1981). 
A high level o f oestrogen results in a diminished urinary calcium output (B ronner, 
1997). These hormones also interfere with calcium absorption from the gut. One or a 
combination of these factors could possibly explain the increased concentration of 
calcium in the blood serum of the stressed infertile patients.
3.6.2.7 Cadmium
An obvious outlier is observed in the cadmium results, namely 4.75 pg L'1, as it is more 
than twice the level of any other measured cadmium concentration. This was proven 
using a Dixons Q test: Qcaic (0.75) was greater than Qcrit (n = 47) (0.353). Figure 3.11 
shows the log-normal distribution o f the cadmium results, after this outlier has been 
removed.
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Arithmetic mean 0.47 |ig L'1
SD 0.27 Mg L’1
Geometric mean 0.39
Median 0.49 ^g L"1
Min 0.09 ng L‘1
Max 1.23 u g L 1
Count (n = ) 46
(% within) 1SD 65.2
(%  within) 2SD 95.6
(%  within) 3SD 100
10
Concentration (ug L'1)
Figure 3.11: Distribution of cadmium with one outlier removed.
The concentration of cadmium in “normal” human blood serum reported in the literature 
(shown in Table 3.4) is 0.2 -  0.8 pg L'1. Previous studies on the blood serum of a similar 
population of infertile patients showed cadmium concentration levels of 0.1 -  1.3 pg L"1 
(S tovell, 1999). The range obtained in this study (0.1 -  1.2 pg L'1) appears to be similar 
to those obtained by Stovell with both studies having slightly higher levels than those 
reported for “normal” blood serum in the literature. These studies involved infertile 
women and it has been reported that infertile patients have significantly higher levels of 
cadmium (P eereboom -S tegem an, 1987, W ard  et al., 1987, Stovell, 1999). Zinc has 
been shown to be essential for proper reproductive function (L appe, 1983, Sw anson  and  
K ing , 1987); cadmium and zinc have an antagonistic relationship so it is therefore not 
surprising that infertile women have higher cadmium levels than those determined in a 
control population. When stress is considered as a factor, further explanation is provided 
for the raised levels, as high cadmium levels have been linked to stress and in particular 
hypertension (R ose, 1983).
3.6.2.8 Lead
Lead had an obvious outlier result (2.61 pg L'1), which was proven using a Dixons Q test 
(Qcaic (0.474) was greater than Qcrit 0.353 (n = 47)). Figure 3.12 shows the log-normal 
distribution of the lead results after this outlier has been removed.
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Arithmetic mean 0.73 |ig L"1
SD 0.27 ng L'1
Geometric mean 0.68
Median 0.67 fig L'1
Min 0.29 pg  L’1
Max 1.51 fig L"1
Count (n = ) 46
(% within) 1SD 71.7
(%  within) 2SD 95.7
(%  within) 3SD 100
Figure 3.12: Distribution of lead with one outlier removed.
Previous studies on the blood serum of a similar population of infertile patients showed 
lead concentration levels of 0.3 — 3.7 pg L' 1 (S tovell, 1999). The range obtained in this 
study (0.29 -  1.51 pg L'1) appears to be similar to those reported in “normal” human 
blood serum (0.5 -  2.0 pg L'1). However, the CRM value for Seronorm™ Trace 
Element Serum (Lot 704121) obtained by Stovell in the infertile population study (1.6 ± 
0.1 pg L"1) was higher than the CRM value that had previously been denoted for lead 
(0.97 pg L'1), this could possibly explain the higher values obtained in that study. It may 
also reflect lower lead exposure in the human population, since the removal of lead alkyl 
additives to petrol. Although, high levels of lead have been reported in the blood serum 
of infertile women (R om , 1976, P eereboom -Stegem an , 1987).
Of the eight elements analysed in blood serum, six appear to be of a normal distribution 
and two are of a log-normal distribution, as is summarised in Table 3.5.
It has been suggested that the shape of the distribution curve for trace element levels 
within the human body can be used as a method for determining whether or not the 
element is essential. For the essential elements, an internal control mechanism 
(homeostasis) has been postulated with a resulting normal (symmetrical) distribution.
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Whereas the level of non-essential elements is not regulated within the body and is 
completely dependent on the degree o f contamination from the environment resulting in a 
log-normal distribution pattern (Havercroft, 1989).
Table 3.5: Distribution of each element.
Element Distribution
Selenium Normal
Iron Normal
Copper Normal
Zinc Normal
Magnesium Normal
Calcium Normal
Cadmium Log-normal
Lead Log-normal
All o f the essential elements follow a normal distribution, providing supporting evidence 
of their essentiality, biological activity and homeostasis within the body. The toxic 
elements, namely cadmium and lead follow a log-normal distribution indicating non- 
homeostatic regulation and the existence o f some higher levels reflecting possible dietary 
or external sources o f environmental contamination.
3.6.2.9 Control population
As mentioned previously, the blood serum of a control population (n = 18) was also 
analysed. These samples were diluted 1 in 10 fold with 1 % (v/v) HNO3 (Aristar™) and 
analysed by PSN-ICP-MS for 82Se+, 57Fe+, 65Cu+, 66Zn+, U2Cd+ and 208Pb+. The mean, 
standard deviation (SD), median, geometric mean, measured range and “normal” range 
reported in the literature are reported in Table 3.6.
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Like the infertile population: selenium, iron, copper and zinc follow a normal distribution 
pattern and cadmium and lead have a log-normal trend. Histograms are not shown for the 
control population due to the low number o f individuals, namely 18.
Table 3.6: Total elemental content o f “control” blood serum samples.
Isotope Mean (SD) 
(n= 18)
Median Geometric
mean
Measured range Literature range
KS"e+ 0 . 1 1  (0 .0 2 ) 0 . 1 1 0 . 1 1
r—1o’1or-Ho 0 .045-0.106
57Fe+ 1.26 (0.46) 1 . 2 0 1.19 0 .59-2 .34 0 .8 -1 .5
65Cu+ 1.14(0.33) 1.06 1.09 0 .61-1 .96 1
COo
66Za* 0.97 (0.14) 0.95 0.96 0.72-1 .24 0 .8 -1 .3
m Cd+ *0 .2 0  (0.16) *0.16 0.17 *0.08-0.78 *0 .2  - 0 .8
208pb+ *1.6 (0.7) *1.3 1.5 * 0 .9 3 -3 .6 6 * 0 .5 - 2 .0
All values reported are in mg L"1, unless asterisked (*) meaning pg L'1. Highlightec 
values are outside of the “normal” range that is reported in the literature (source: Stovell, 
1999).
3.6.3 Infertility type statistics
Within the study population there were three different infertility groups, namely tubal (n 
= 19), unexplained (n = 14) and male factor (n = 11). These were labelled groups 1, 2 
and 3, respectively. There was also a control population of women who have no known 
fertility problems and are relatively “unstressed” (n =18). As mentioned in section 3.6, a 
two-tailed F-test was performed to ensure that there was no significant variation at the 95 
% confidence level (P = 0.05) between the sample variances (square of the standard 
deviation, SD2) of the results obtained from each group. A Student t-test was then 
performed to investigate if there were any significant differences between the element 
and/ or hormone levels within the different types of infertility and control populations.
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3.6.3.1 F-test results
A full review of the results obtained from the series o f F-tests is shown in Appendix 3. A 
two-tailed F-test was performed on all o f the hormone and element levels obtained from 
the three different types o f infertility (G1 = tubal, G2 = unexplained and G3 = male 
factor) and the control group (C). Significant differences in the sample variances were 
observed (at the 95 % confidence level, P = 0.05) for:
• Calcium between G3 and G1;
a
• Calcium between G3 and G2;
• Iron between C and G1;
• Iron between C and G2;
• Iron between C and G3;
• Zinc between G3 and C;
• Cadmium between G2 and C;
• Lead between C and G1;
• Lead between C and G2;
• Lead between C and G3.
A Student t-test was then performed on the results to see if there were any significant 
differences in the level o f trace elements or hormones between each group. This 
statistical test was also performed on the results that showed significant differences in the 
sample variances and care was taken when interpreting these particular results.
3.6.3.2 Student t-test results
A Student t-test was performed between each infertility and control group, for the 
determined hormone and trace element levels. A summary o f the significant results (and 
the probability level) is shown in Table 3.7, the different sample population numbers are 
as a result o f the removal o f statistical outliers (section 3.6.2).
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Table 3.7: Student t-test -  trace elements in blood serum.
Element Relationship tcalc tcrit (Probability 
level, P)
Number of degrees 
of freedom 
(ni + n2 - 2 )
Se Control v tubal 13.66 3.59 (0.001) 35
Se Control v unexplained 13.34 3.65 (0.001) 30
Se Control v male factor 1 2 .6 8 3.69 (0.001) 27
Fe Unexplained v tubal 1.81 1.70 (0.10) 31
Fe Tubal v male factor 2.67 2.05 (0.05) 28
Cu Control v tubal -4.26 3.59 (0.001) 35
Cu Control v unexplained 3.21 2.75 (0.01) 30
Cu Control v male factor -4.83 3.69 (0.001) 27
Zn Tubal v control -8.46 3.59 (0.001) 35
Zn Unexplained v control -7.56 3.65 (0.001) 30
Zn Male factor v control - 6.85* 3.69 (0.001) 27
Ca Male factor v unexplained 2.32* 2.07 (0.05) 23
Cd Unexplained v tubal 2.17 2.03 (0.05) 31
Cd Unexplained v male factor 1.71 1.71 (0.10) 23
Cd Tubal v control 2.61 2.03 (0.05) 34
Cd Unexplained v control 4.60* 3.65 (0.001) 30
Cd Male factor v control 2 .8 6 2.77(0.01) 27
Pb Control v tubal 3.91* 3.60 (0.001) 34
Pb Control v unexplained 3.34* 2.75 (0.01) 30
Pb Control v male factor 2.84* 2.77 (0.01) 27
* Care must be taken when interpreting these results as a significant difference was
observed in the sample variances.
When dealing solely with the three different infertility groups, five significant differences 
were observed in the elemental concentrations:
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• the unexplained group had possibly significantly higher concentrations of iron 
(P = 0.10) and significantly higher concentrations ofcadmium (P = 0.05) than 
the tubal group;
• the tubal group had significantly higher levels of iron (P = 0.05) than the male 
factor group;
• the unexplained group had possibly significantly higher levels of cadmium (P 
= 0.10) than the male factor group;
• the male factor group had significantly higher levels of calcium (P = 0.05) 
than the unexplained group.
Care has to be taken when considering the last reported significant difference, i.e. the 
male factor group having significantly higher levels of calcium than the unexplained 
infertility group. This is because a significant difference was observed in the sample 
variances of the calcium results obtained for these two groups (section 3.6.3.1).
Very few authors in the literature have investigated and compared the trace element 
status of women with different types of infertility. Blood serum selenium levels have 
been reported to be higher (although not significantly) in women with unexplained 
infertility compared to women with tubal infertility (Paszkow ski et al, 1995). Another 
study confirmed this selenium result but also stated that iron, copper, zinc and cadmium 
were higher and that lead was lower (although not significantly) in unexplained compared 
to tubal infertility (S tovell, 1999).
This study observed some similar findings: cadmium was higher in the unexplained 
infertility group compared to the tubal infertility group, however, in this study it was 
found to be significant (P = 0.05). In addition, copper and zinc were both observed to be 
higher (although not significantly) in the unexplained infertility group. The zinc result 
can possibly be explained by the fact that tubal infertility can be as a result of physical 
defects, blockages or disease. Zinc levels are reportedly lowered in disease 
circumstances (P rasad, 1998). Findings from this study that were contrary to those 
previously reported were that iron levels were found to be possibly significantly higher (P
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= 0.10) in tubal rather than unexplained infertility and lead levels were found to be higher 
(although not significantly) in unexplained rather than tubal infertility.
Male factor infertility was not considered in the previous study. Significant results 
observed in this study are that in comparison to male factor infertility: the tubal group has 
significantly higher levels (P - 0.05) of iron and the unexplained group has possibly 
significantly higher levels of cadmium (P = 0.10). A  possible explanation for the 
cadmium result is that in comparison to those in the male factor group, more of the 
subjects in the unexplained infertility group smoked cigarettes. Smoking is known to 
increase blood serum cadmium levels (W ard  et al., 1987). Unfortunately, information 
was not available to confirm this theory.
When the control group was introduced more significant differences were observed. The 
results indicate that in comparison to all of the infertility groups, members of the control 
population have lower levels of copper and cadmium in their blood serum and have 
higher levels of zinc, selenium and lead with varying degrees of significance. All of 
these results (apart from lead) are to be expected. Infertile women are known to have low 
levels of zinc and correspondingly high levels of copper in their blood serum (Sato  et al., 
1985, S tovell, 1999). Cadmium levels are also reported to be significantly higher in 
infertile women (W ard  et al, 1987, S tovell, 1999). Selenium levels are acknowledged 
to be lower in women with fertility problems - low selenium levels have been linked to 
recurrent miscarriages (B arrington , 1996). The lead result is likely to be a statistical 
artefact, as a significant difference was noted in the variances obtained for each of the 
different groups (section 3.6.3.1).
3.6.4 Product moment correlation coefficient
The product moment correlation coefficient (r) was determined and the level of its 
significance was calculated statistically using a two-tailed t-test and n - 2 degrees of 
freedom. The null hypothesis states that there is no significant correlation between the 
variables plotted on the x and y axis values. If the calculated vale of t (tcaic) is greater
151
than the tabulated value (tcru), then the null hypothesis is rejected and it is concluded that 
there is a significant correlation. Further details of these statistical methods are reported 
in Appendix 2. This statistical evaluation was performed solely on the infertile 
population as no questionnaire data or hormone levels were available for the control 
population.
3.6.4.1 Age - element correlations
An investigation was carried out to see if the age of the subjects had a significant impact 
on the elemental content of their blood serum. If there was no significant correlation 
between the age of the subject and the corresponding elemental concentrations then it 
could be presumed that the measured element concentrations were not a function of age.
Age has previously been shown to be a factor in the level of certain elements in human 
blood serum, for example, copper, zinc, selenium and manganese (V ersieck  and  
C o m elis , 1989). However, the differences were generally only observed when 
comparisons were made over a whole life span, such as between children, adolescents, 
adults and the aged (V ersieck  and  C ornelis, 1989). The age range of this study group (n 
= 47) was 32 years 7 months to 43 years 9 months and (in comparison to a whole life 
span) is therefore a relatively small spread. This explains why no significant correlations 
were observed between age and the majority of the elements measured. The only possible 
correlation observed was between age and the concentration of copper (r- + 0.26) at the 
90 %  confidence level (P = 0.10). This is contradictory to what would be expected 
because of the relatively small spread of ages and this contradiction is highlighted by the 
fact that age was not significantly correlated to copper concentrations at any of the higher 
probability levels i.e. P = 0.05, 0.02 or 0.01.
3.6.4.2 Element - element correlations
Some elements are known to have antagonistic (Ca-Fe, Cu-Zn, Zn-Cd, Ca-Mg, Se-Cd, 
Fe-Zn, Pb-Zn, Pb-Ca, Pb-Fe, Zn-Ca) or synergistic relationships (Fe-Cu, Fe-Se, Cu-Se)
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as was outlined in section 1.1.2 (G ro ff and  G ropper, 1995). An investigation into any 
correlations between all of the elements analysed for this study was performed. A  
summary of the results that showed a significant correlation (and the probability level, P) 
is shown in Table 3.8. A  full review of the results can be viewed in Appendix 4,
Table 3.8: Significant element - element correlations in blood serum.
Elements Product moment correlation coefficient (r) tcalc (rt) tcrit (P)
M g  v Ca + 0.359 2.550 (44) 2.418 (0.02)
M g  v Cu + 0.387 2.755 (44) 2.418 (0.02)
Ca v Cu + 0.407 2.989 (45) 2.701 (0.01)
Ca v Se + 0.255 1.769 (45) 1.685 (0.10)
Ca v Cd + 0.285 1.972 (44) 1.686 (0.10)
CavPb + 0.250 1.713(44) 1.686 (0.10)
Cu v Cd + 0.253 1.730 (44) 1.686 (0.10)
Cu vPb + 0.450 3.342 (44) 2.701 (0.01)
CdvPb + 0.249 1.690 (43) 1.686 (0.10)
A  significant positive correlation (r = + 0.359) was observed between magnesium and 
calcium at the 98 %  confidence level (P = 0.02). The interaction between magnesium 
and calcium is known in the literature; they both have a function connected with the 
structural component of bones and play a role in enzyme activation. Magnesium is also 
required for parathyroid hormone secretion, which is important in calcium homeostasis 
(G ro ff and G ropper, 1995). When magnesium is in excess, an antagonistic relationship 
can be observed with calcium as they use overlapping transport systems in the kidney and 
thus they compete (in part) with each other for reabsorption. An antagonistic relationship 
between the two can also be observed in blood coagulation, calcium promotes the process 
and magnesium inhibits it (W eaver, 1987). As a positive relationship was observed, this 
indicates that the magnesium levels within the blood serum of this subject population 
were not in excess, which is in agreement with the levels of magnesium determined in the 
blood serum, as shown in Table 3.4.
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A  significant positive correlation (r = + 0.387) was also observed between magnesium 
and copper at the 98 %  confidence level (P = 0.02). Other relationships of magnesium 
that are normally discussed in the literature (which are not dealt with in this study) are an 
antagonistic relationship with phosphorous and a synergistic relationship with potassium 
(W h an g and W h ang, 1990). The relationship between magnesium and copper is not 
normally considered in the literature. However, calcium also had a significant positive 
correlation with copper (r = + 0.407) at the 99 %  confidence level (P = 0.01). This
relationship is not one of the correlations normally reported for calcium either. The
population involved in this study was not “normal”; they were “stressed” infertile 
women. Perhaps the relationship between copper and calcium and indeed copper and 
magnesium is as a result of the stress these subjects are undergoing. Raised cortisol 
levels cause the mobilization of calcium from the bones and raised oestrogen levels cause 
diminished urinary calcium output (R u d e and S inger, 1982). An increase in oestrogen 
and cortisol levels is coupled with an increase in levels of circulating copper (N eve,
1992). This could therefore explain the significance of the relationship between copper 
and calcium and indirectly that of copper and magnesium in these infertile women.
A  possible significant positive relationship was observed for calcium and selenium (r = + 
0.255) at the 90 %  confidence level (P = 0.10), Whilst calcium and selenium is not a 
relationship generally reported in the literature, they are both connected to thyroid 
hormones. A  deficiency of selenium disturbs thyroid hormone metabolism, particularly 
the conversion of T4 to T3 (B eck ett et al, 1989). Hyperthyroidism is associated with 
hypercalcemia and a diminished bone calcium balance (R ude and  S inger, 1982).
Cadmium and calcium have a possibly significant positive correlation (r = + 0.285) at the 
90 %  confidence level (P = 0.10). Low levels of calcium have been associated with the 
development of hypertension (B arger-L u x  and H eaney, 1994), which itself is associated 
with raised levels of cadmium (R ose, 1983). However, this would indicate a negative 
relationship between calcium and cadmium, which is contrary to that found in this study.
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A  possibly significant positive relationship at the 90 %  confidence level (P = 0.10) was 
observed between calcium and lead (r = + 0.250). This is contradictory to that reported 
in the literature, where it is stated that lead absorption is inversely related to dietary 
calcium intake. Poor dietary calcium intake is also associated with lead accumulation in 
blood and organs (B ogden  et al., 1992).
No significant correlations were observed in this study for iron with any of the other 
measured elements. However, relationships have been reported in the literature with 
copper, selenium and zinc. Iron and copper are positively related through the role of the 
copper-containing caemloplasmin as a ferroxidase (O ’D ell, 1990). Another synergistic 
relationship is between iron and selenium. Iron deficiency is associated with decreased 
selenium concentrations and as a result decreased glutathione peroxidase synthesis and 
activity (Y etgin  et ah, 1992). Contrary to the information reported in the literature, this 
study identified (although not significantly) antagonistic relationships between iron and 
copper (r = - 0.223) and between iron and selenium (r = - 0.197).
An antagonistic relationship has been reported in the literature between iron and zinc; for 
example, a high level of non-haem non causes reduced absorption of zinc (Solom on  and  
Jacob , 1981). In agreement with the literature, this study observed (although not 
significantly) a negative relationship (r == - 0.197) between iron and zinc.
The relationships observed for copper with magnesium, iron and calcium have already 
been discussed. Additional relationships were observed for copper with cadmium (r = + 
0.253) and lead (r = + 0.450) at the 90 %  (P = 0.10) and 99 %  (P = 0.01) confidence 
levels, respectively. These positive relationships are surprising because of the toxicity of 
cadmium and lead. The absence of a significant relationship between copper and zinc is 
even more surprising as a strong mutual antagonistic relationship caused by the induction 
of intestinal metallothionein is well established between these two elements (F esta  et al., 
1985, G ro ff and G ropper, 1995). The mean values measured for these elements (shown 
in Figures 3.6 and 3.7) (copper = 1.59 ± 0.31 mg L*1 and zinc = 0.46 ± 0.22 mg L'1) also 
indicated an antagonistic relationship. However, the product moment correlation
155
coefficient was slightly positive (r = + 0.061). A  possible explanation could be that the 
sample number (n = 47) was quite small. The measured copper and zinc levels were 
higher and lower, respectively than those reported for “normal” blood serum. The fact 
that no antagonistic relationship with zinc is indicated through a product moment 
correlation coefficient implies that some individuals may have been exposed to sources of 
copper, possibly through a previous contraceptive history or external environmental
contamination (household piping).
Along with the trace element levels, the hormones prolactin and cortisol were also 
measured. An investigation was performed to discover if any correlations existed 
between them.
3.6.4.3 Hormone -  hormone correlations
A  positive correlation (r = + 0.355) was observed between the levels of the two hormones 
(plasma prolactin and serum cortisol). This was significant at the 98 %  confidence level 
(P = 0.02) as tcaic (2.46) was greater than tcrit (2.41) (number of degrees of freedom = 48). 
The number of degrees of freedom is greater than the recorded sample population, as 
three extra hormone measurements were taken (n = 50) in comparison to the trace 
element measurements (n = 47). Prolactin and cortisol are both stress-related hormones 
whose levels in the human body rise following an increase in psychological stress. As a 
result, this strong correlation is expected.
3.6.4.4 Hormone -  element correlations
Each hormone was also individually correlated with each of the elements that were 
analysed.
No significant correlations were observed between the levels of any of the elements and 
the levels of the hormone prolactin. The literature reports an inverse relationship 
between plasma zinc and serum prolactin (L ogin  et ah, 1983). This was not observed in
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this study: the product moment correlation coefficient was neither significant nor 
negative (r = + 0.156).
A  possibly significant positive correlation (r = + 0.267) was observed between iron and 
cortisol at the 90 %  confidence level (P = 0.10). This was not predicted, instead it had 
been expected that cortisol might have had a relationship with copper (synergistic) and 
zinc (antagonistic) as discussed in section 3.1.1. Whilst not significant, a positive 
correlation coefficient for copper (r = + 0.074) and a negative correlation coefficient for 
zinc (r = - 0.011) were observed.
i'
3.6.4.5 Stress level (anxtrait) - stress level (anxstate) correlations
The stress levels of each subject were measured using an anxstate score (to describe how 
they were feeling at the time when they completed the questionnaire) and an anxtrait 
score (to describe their predisposition). These stress levels were significantly correlated 
(r = + 0.739) at the 99 %  confidence level (P = 0.01), as tcaic (3.799) was greater than tcrit 
(3.06) (number of degrees of freedom = 12).
The high correlation between the two stress level scores was expected, as an individual’s 
predisposition (anxtrait score) would influence how they would feel at the time of 
completing the anxstate questionnaire.
3.6.4.6 Stress levels — element correlations
The stress levels determined by the anxtrait and anxstate questionnaires were correlated 
against the levels measured for each element. Despite 47 people participating in the trial, 
unfortunately only 14 stress scores were calculated.
A  significant correlation was observed between the anxtrait score and the concentration 
of calcium and selenium in blood serum at the 95 %  confidence level (P = 0.05). Both 
were positive correlations with coefficients (r) of + 0.543 and + 0.578, respectively. This
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implies that individuals with a high predisposition to stress will have higher levels of 
calcium and selenium in their blood serum. No significant relationship was observed 
between either prolactin or cortisol and calcium or selenium. However, stress-hormones 
are known to affect the metabolism of calcium and selenium inhibiting their absorption in 
the body resulting in a higher serum level of these elements (Jub iz , 1985). This affect 
could be as a result of a stress-hormone that was not measured in this study, for example 
parathyroid hormone or calcitonin.
A  possibly significant correlation was observed between the anxstate score and the 
concentration of calcium in blood serum at the 90 %  confidence level (P = 0.10). This 
was a positive relationship (r = + 0.493). Similar to the anxtrait score, this could possibly 
be because of other stress-hormones causing a disturbance in the metabolism of calcium 
resulting in reduced absorption and therefore higher blood serum levels of calcium.
3.6.4.7 Stress levels -  hormone correlations
The stress levels determined by anxtrait and anxstate scores were correlated against the 
levels of each of the hormones, namely plasma prolactin and serum cortisol.
A  possibly significant relationship was observed between prolactin and anxstate at the 90 
%  confidence level (P = 0.10). The negative correlation coefficient (r = - 0.480) implies 
that the more stressed a person is feeling at any particular moment the lower their levels 
of prolactin. No significant relationships were observed between cortisol and the stress 
scores. Both of these are contradictory to what would be expected, i.e. stress-hormones 
would rise in accordance with increasing stress. This unexpected result could be as a 
result of the small sample population as despite 47 people participating in the trial, only 
14 stress scores were calculated.
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3.7 Summary
It has been stated that stress may affect human health and in particular human infertility 
(Horne, 2000). Only a couple of studies have looked at the link between psychological 
stress and trace element levels and very few have investigated links between trace 
element and hormone levels along with stress questionnaires. Several elements have 
been linked to sub-fertility (Lappe, 1983). It is thought that stress will also play a role in 
sub-fertility because of the affect it has on the biochemical pathways of trace elements 
within the human body. For example, high levels of cadmium are associated with lower 
fertility rates (Ward et al., 1987, Stovell, 1999) and cadmium levels are known to 
increase during hypertension (Rose, 1983).
This work was carried out in collaboration with Hammersmith Hospital, London who had 
previously carried out an evaluation of hormone (plasma prolactin and serum cortisol) 
levels in blood samples provided by female patients who had completed stress 
questionnaires. These blood samples were provided for trace element analysis (Se, Fe, 
Cu, Zn, Mg, Ca, Cd and Pb). A  variety of sample preparation techniques and analytical 
methods were used to analyse the “stress” blood serum samples, namely flame atomic 
absorption spectrometry (FAAS) and both electrothermal vaporisation (ETV) and 
pneumatic solution nebulisation inductively coupled plasma mass spectrometry (PSN- 
ICP-MS),
The hormone levels were measured at Hammersmith Hospital as part of the pre-existing 
study using two techniques. Plasma prolactin was analysed using an Architect® 
prolactin assay and serum cortisol was determined using a Nichols Advantage® 
ehemiluminescence immunoassay.
The stress levels were assessed using standard, registered Spielberger questionnaires. 
They assessed how the subject was feeling at that particular moment (anxstate) and their 
predisposition to stress (anxtrait).
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The trace element levels measured in the blood serum are reported in Table 3.4 and their 
distributions are shown in Figures 3.4-3.12. All elements, with the exception of 
cadmium and lead (the toxic elements), showed a normal distribution pattern. The 
implication of this is that the elements following a normal distribution are 
homeostatically controlled within the human body, whereas cadmium and lead (the non- 
essential or toxic elements) are either non-homeostatically regulated or are subject to 
positive outliers who may have been subjected to external sources of dietary input or 
environmental contamination (H avercroft, 1989).
Some statistical outliers were observed for some of the trace element results (sections 
3.6.2.5, 3.62.1 and 3.6.2.8). These outliers were calculated using a Dixon’s Q  test and 
then excluded from the trace element results before any further statistical evaluations 
were performed.
A  two-tailed F-test and a Student t-test were performed to investigate any differences in 
elemental or hormonal levels occurring between the control and infertility groups (tubal, 
unexplained and male factor). A  Student t-test showed some significant differences:
• selenium: control > tubal (P = 0.001);
• selenium: control > unexplained (P = 0.001);
• selenium: control > male factor (P = 0.001);
• iron: tubal > male factor (P = 0.05);
• copper: tubal > control (P = 0.001);
• copper: control > unexplained (P = 0.001);
• copper: male factor > control (P = 0.001);
• zinc: control > tubal (P = 0.001);
• zinc: control > unexplained (P = 0.001);
• zinc: control > male factor (P = 0.001);
• cadmium: unexplained > tubal (P = 0.05);
• cadmium: tubal > control (P = 0.05);
• cadmium: unexplained > control (P = 0.001);
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• cadmium: male factor > control (P = 0.01);
• lead: control > tubal (P = 0.001);
• lead: control > unexplained (P = 0.01);
• lead: control > male factor (P = 0.01).
As was described in section 3.6.3.2, the results following a Student t-test indicate that in 
comparison to all the types of infertility groups, the controls have lower blood serum 
levels of copper and cadmium and higher levels of zinc and selenium with varying 
degrees of significance. A  higher level of lead was also observed in the control group; 
however, this statement cannot be made conclusively as the sample variances obtained 
for each group was shown to be significantly different at the 95 %  confidence level (P = 
0.05). The other significant results were as expected based on previous reports in the 
literature. For example, infertile women reportedly have low levels of zinc and 
correspondingly high levels of copper in their blood serum (Sato et al, 1985, Stovell, 
1999). Cadmium levels are known to be significantly higher in infertile women (W ard  
et al., 1987, Stovell, 1999). Selenium levels are also known to be lower in women with 
fertility problems; for example, low selenium levels have been linked to recurrent 
miscarriages (B arrington , 1996).
No significant differences were observed between the stress hormones measured and the 
different types of infertility.
As discussed in section 3.6.4, all element and hormone levels, along with the stress scores 
were correlated against one another to investigate any possible relationships. A  product 
moment correlation coefficient was calculated and the level of significance was 
determined by a two-tailed t-test and n - 2  degrees of freedom. The correlation 
coefficients and corresponding calculated t values showed that there were significant 
correlations between a number of analytes.
At the 99 %  confidence level (P = 0.01):
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• anxstate and anxtrait (r = + 0.739);
• cortisol and prolactin (r = + 0,355);
• calcium and copper (r = + 0.407);
• copper and lead (r = + 0.450).
At the 98 %  confidence level (P = 0.02):
• magnesium and calcium (r = + 0.359);
• magnesium and copper (r = + 0.387).
At the 95 %  confidence level (P = 0.05):
• anxtrait and calcium (r = + 0.543);
• anxtrait and selenium (r = + 0.578).
There was no significant correlation between the trace element and hormone levels. The 
trace elements analysed in this study are very important for human fertility, so these 
results imply that the stress hormones cortisol and prolactin do not have any adverse 
affect on these trace elements or human fertility.
The next chapter involves analysing the total trace element levels within various matrices 
of infertile women undergoing IVF treatment at Hammersmith Hospital, London. Blood 
serum, follicular fluid and endometrial fluid alongside scalp hair are analysed using PSN- 
ICP-MS.
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C h a p t e r  F o u r  
T r a c e  E l e m e n t s  a n d  H u m a n  I n f e r t i l i t y
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4.0 Introduction
This study investigates the level of trace elements in various biological matrices of 
infertile women, who are undergoing in-vitro fertilisation (IVF) treatment at 
Hammersmith Hospital, London.
As described in section 1.2.3, several trace elements have previously been linked with 
human fertility (L appe, 1983). This study evaluates the level of nine of these elements, 
namely selenium, iron, copper, zinc, manganese, molybdenum, iodine, cadmium and
it
lead, which represent some of the key essential and non-essential (toxic) trace elements 
involved in human fertility. These elements were determined in human blood serum, 
follicular fluid, endometrial fluid and scalp hair by pneumatic solution nebulisation 
inductively coupled plasma mass spectrometry (PSN-ICP-MS).
Ethics approval for the sample collection and analysis of blood serum, follicular fluid and 
scalp hair was already covered by a previous study in our laboratory (Z ervakakou- 
M a ta r et al., 1998, Stovell, 1999). Ethics approval was obtained for the analysis of the 
endometrial fluid (W inston  et al, 2000).
4.1 B io log ica l M atrices In vestigated
Three biological fluids, namely blood serum, follicular fluid and endometrial fluid along 
with scalp hair, were analysed for their trace element status.
4.1.1 Blood serum
As described in section 1.3.1, blood serum (BS) reflects most of the absorption and 
distribution of elements within the human body. Blood serum was used rather than 
plasma, as an anticoagulant is required to obtain blood plasma, which may cause 
contamination of the trace element levels (T em pleton  et al., 2 000). Blood serum was 
collected using a standard procedure as outlined in section 2.4.1.
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4.1.2 Follicular fluid
Follicular fluid (FF) has previously been used to measure the trace element status of 
infertile women (Paszkow ski et al., 1995, P aszkow ski et al., 1996, Stovell, 1999). The 
trace element status of follicular fluid obtained from IVF patients with either tubal or 
unexplained infertility is shown in Table 1.3 (Stovell, 1999). One study reported that 
selenium levels were lower in patients with unexplained as opposed to tubal infertility 
(P aszkow ski et al., 1995). All follicular fluid samples were collected using a standard 
procedure, as described in section 2.4.2.
4.1.3 Endometrial fluid
Endometrial fluid (EF) was chosen as a media for analysis because it is a nutrient pool 
that is important for pre-implantation growth and the development of the embryo. To 
date, only a limited number of studies have used endometrial fluid in assessing the 
biochemical changes in human female infertility cases. In particular, one study reported 
the levels of steroid hormones, prolactin and proteins (S tone et ah, 1986). This research 
attempts to use this fluid as a means of assessing the trace element status of each infertile 
case. All endometrial fluid samples were collected using a standard procedure as 
described in section 2.4.4,
4.1.4 Scalp hair
Several controversial reports have appeared in the literature over the validity of trace 
element data obtained from scalp hail* (SH). Scientific debate surrounds the influence 
that factors such as age, gender and the area from which the sample was collected have 
on elemental concentration (Schroeder and  N ason , 1969, K a tz  et ah, 1975, T akeuchi et 
al., 1982). An attempt was made to see if reliable and meaningful results could be 
obtained. A  standard collection procedure was used (as described in section 2.4.6).
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4.2 Sample Preparation
All biological fluids were prepared in accordance with the optimised dilution method that 
was developed in section 2.7, namely a 1 in 10 fold dilution with 1 %  (v/v) H N O 3 
(Aristar™). Scalp hair was prepared according to the standard method described in 
section 2.5.2.
4.3 Sam ple A nalysis
All samples were analysed by PSN-ICP-MS for their trace element content using the 
following isotopes: 82Se+, 57Fe+, 65Cu+, 66Z n , 55Mn* 98M o +, 127I+, 112Cd+ and 20SPb+. Two 
certified reference materials, namely Seronorm™ Trace Element Serum (Lot 704121) and 
G B W  09101 Reference Hair were used to validate the calibration and sample analysis 
procedures. Good agreement was found with the certified values in each case. The mean 
(n = 6) and certified values for Seronorm™ Trace Element Serum (Lot 704121) are 
presented in Table 4.1.
Table 4.1: Determined and certified values for certified reference material Seronorm™ 
Trace Element Serum (Lot 704121).
Isotope Units Number of samples (n) Mean (SD) Certified value (range)
^ S e + EgL ' 1 6 76.8(6.1) 80 (70 - 92)
57Fe+ m g L ' 1 6 1.37 (0.02) 1.10(1.04-1.14)
65Cu+ mg I ,'1 6 1.14(0.10) 1.30(1.19-1.38)
66Zn+ m g L ' 1 6 1.43 (0.01) 1.48 (1.35 -1.67)
55M n + EgL ' 1 6 6.5 (0.4) 6.2 (5.1-7.2)
98M o + EgL'1 6 6.7 (1.5) None available
I27I+
EgL ' 1 6 3.2 (2.2) None available
112Cd+ EgL ' 1 6 0.51 (0.36) 0.60* (SD = 0.09)
208Pb+ EgL ' 1 6 1.29 (0.31) 0.97* (SD = 1.04)
* These values are not certified but are information values for comparison determined by 
Stovell, 1999.
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The mean and standard deviation of most trace elements are within the certified ranges of 
Seronorm™ Trace Element Serum (Lot 704121). The only exception is iron, which had a 
slightly higher result. The isotope 57Fe+ (natural abundance 2.2 %) was used in this work 
and a possible polyatomic contribution from 40Ar16O IH + cannot be ruled out. However, 
since all other possible iron isotopes (54Fe+ (5.8 %), 56Fe+ (91.7 %), 58Fe+ (0.28 %)) 
provide more significant spectroscopic interference problems (Tables 2.2, 2.3 and 2.4), it 
was decided to use 57Fe+. The results shown in Table 4.1 are also in good agreement with 
those previously measured for this C R M  (Tables 2.12 and 3.3).
The mean (n = 6) and certified values for G B W  09101 Reference Hair are presented in 
Table 4.2.
Table 4.2: Determined and certified values for certified reference material G B W  09101 
Reference Hair.
Isotope Units Number of samples (n) Mean (SD) Certified value (SD)
82Se+ mg kg'1 6 0.48 (0.11) 0.58 (-)
3W mg kg'1 6 80.8 (7.8) 71.2 (6.6)
65Cu+ mg kg'1 6 18.4 (0.7) 23.0 (1.4)
66Zn+ mg kg'1 6 180.9 (11.3) 189 (8)
53Mn+ mg kg'1 6 3.7 (0.3) 2.9 (0.2)
98M o+ mg kg'1 6 0.15(0.02) 0.58 (-)
.27j+ mg kg'1 6 0.70 (0.13) 0.875 (-)
112Cd+ mg kg'1 6 0.11 (0.02) 0.095 (0.012)
20Spb+ mg kg'1 6 7.3 (1.6) 7.2 (0.7)
(- no standard deviation was reported).
Table 4.2 shows that for the certified reference material G B W  09101 Reference Hair, the 
measured lead value is within the certified range and the standard deviation of the 
calculated values for selenium, iron, zinc and cadmium overlaps with the certified limits.
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The calculated mean and standard deviation values for copper, manganese, molybdenum 
and iodine are not within the certified limits. However, these results are generally in 
good agreement with previous studies performed in our laboratory (C hurchm an, 1997, 
S tovell, 1999).
4 .4  T race E lem ent L evels in  B io log ica l M atrices -  R esu lts
The trace element content determined in the biological matrices is shown in Tables 4.3 - 
4.7. The mean value, standard deviation (SD) and the range for the sample populationti
are presented. These values were calculated using Microsoft Excel™. The highlighted 
minimum and maximum values denoted in Tables 4.3 - 4.7 are concentrations that lie 
outside of the reported “normal” range for those elements (Stovell, 1999). This could be 
because they are statistical outliers or possibly as a direct result of the individual having 
variant levels through dietary input, environmental exposure or imbalances in their 
metabolism. A  Dixon’s Q  test (section 3.6) was performed to determine if the values 
were statistical outliers.
4.4.1 Blood serum
The total number of blood serum samples available for analysis was 97. However, based 
on a visual assessment, it was clear* that some blood serum samples had suffered from 
haemolysis during collection, as the media contained various shades of red colouration. 
The results obtained from these samples were removed, as haemolysis is known to 
influence trace element levels, for example, causing higher levels of iron and manganese 
(V ersieck  and C ornells, 1989). Table 4.3 shows the level of trace elements determined 
in the blood serum samples obtained from the infertile women. The “normal” range 
reported in the literature is provided for comparison (Stovell, 1999).
The mean and standard deviation for each element indicate that the majority of the results 
are inside the range expected in human blood serum. The exceptions are the mean values 
for cadmium, iodine and manganese, which are outside of the concentration limits
168
reported for “normal” individuals. The higher levels of manganese could be as a direct 
result of sample collection, i.e. through non-visible haemolysis or because of the stainless 
steel needles used for blood collection, as described in section 2.4.1. However, it must be 
remembered that the sample population is not “normal”; instead it is a group of infertile 
women.
Table 4.3: Total elemental content of blood serum samples obtained from infertile 
women.
Isotope Units Mean (SD) Blood serum range (n) Blood serum - “normal” 
range (literature values)
82Se+ pg L"1 95.7 (22.6) 55.1 - 144.8 (57) 45 - 106
57Fe+ mg L'1 1.2 (0.4) 0.2 - 2.4 (58) 0.8-1.5
65Cu+ mgL'1 1.1 (0.3) 0.6-1.8(64) 0.8-1.4
66Zn+ mgL"1 1.2 (0.4) 0.6 - 2.6 (64) 0.8-1.3
55M n + ftgL'1 3.5 (1.4) 1.7-10.2(58) 0.68-2.34
9SM o+ pg L'1 0.9 (0.5) 0.1-2.6(47) 0.6-3.7
127I+
Fg L'1 33.0 (31.2) 0.1 -166.1 (50) 46-82
112Cd+ pg L'1 0.1 (0.02) 0.1-0.2 (58) 0.2-0.8208pb+
Pg L'1 1.6 (1.0) 0.6 - 7.6 (48) 0.5-2.0
Highlighted values lie outside of the “normal” range that is reported in the literature 
(Source: Stovell, 1999); the total number of samples (n) in the study population was 97.
For comparison, blood serum was also collected from a control population (n = 18) (as 
described in section 3.5). This population consisted of females with no known fertility 
problems. The trace element content of the blood serum samples obtained from this 
population was also determined. The results are presented in Table 4.4.
The levels of manganese in the control population are also higher than levels reported as 
“normal” in the literature, giving further indication of a contamination problem with this 
element during sample collection. Section 4.5.1 investigates the distribution of the levels
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of each element in blood serum. A  log-normal distribution for manganese would be 
further evidence of a contamination problem for this element.
Table 4.4: Total elemental content of blood serum samples obtained from a control 
population.
Isotope Units Mean (SD) Blood serum range 
(n)
Blood serum - “normal” 
range (literature values)
82Se+ pg L'1 110(21) 99- 154 (18) 45-106
S7Fe+ m g U 1 1.26 (0.46) 0.59-2.34 (18) 0.8 - 1.5
65Cu+ mg L"1 1.14(0.33) 0.61-1.96(18) 0.8-1.4
66Zn+ mg L'1 0.97 (0.14) 0.72-1.24(18) 0.8-1.3
55Mn+ Pg L'1 3.50 (0.76) 1.73 -4.89 (18) 0.68-2.34
98M o+ Pg L'1 0.95 (0.56) 0.06-2.18(12) 0.60-3.72
127j+
Pg L'1 24.27 (16.00) 3.84-54.33 (18) 46-82
luCd+ pg L'1 0.20 (0.16) 0.08-0.78 (18) 0.2 - 0.82°8pb+
Pg L'1 1.6 (0.7) 0.93 -3.66 (18) 0.5-2.0
Highlightec values are outside of the “normal” range that is reported in the literature
(Source: Stovell, 1999); the total number of samples (n) in the control population was 18.
Furthermore, some control cases have low blood serum iodine levels, which cannot be 
explained by comparison with “normal” reported literature values. However, it is well 
known that this trace element is very difficult to determine by PSN-ICP-MS, due to 
solution nebulisation “memory” effects influencing the blank signal and poor ionisation 
potential resulting in limited sensitivity (W atts, 2001).
4.4.2 Follicular fluid
Seventy-five follicular fluid samples were available for trace element analysis. However, 
through a visual examination, it was observed that some samples were contaminated, as 
they had a red appearance. The results obtained from these samples were excluded and
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are not presented in Table 4.5, which shows the mean, standard deviation and range of 
trace element levels in the follicular fluid samples. Literature data for the elemental 
levels of follicular fluid obtained from women with both tubal and unexplained infertility 
are also presented in Table 4.5 (S tovell, 1999).
Table 4.5: Total elemental content of follicular fluid samples.
Isotope Units Mean (SD) Follicular fluid 
range (n)
Mean (SD) 
for follicular 
fluid - tubal 
infertility
Mean (SD) for 
follicular fluid 
- unexplained 
infertility
82Se+ flg L'1 55.2 (27.3) 14.1- 140 (74) 49 (15) 48 (11)
57Fe+ flgL"1 610 (190) 310-1200 (74) 714 (259) 648 (227)
65Cu+ pg L'1 570 (200) 170- 1150 (74) 803 (221) 804(198)
S6Zn+ flg L'1 330 (120) 130 - 580 (74) 403 (94) 395 (80)
55M n + pg L"1 3.0 (2.5) 0.4-10.3 (74) N D N D
98M o+ flg L'1 0.2 (0.2) 0.02 - 0.60 (27) N D N D208pb+
flgL'1 3.0 (2.8) 0.1-9.4(27) 1.34 (1.05) 1.80 (1.64)
Highlighted values lie outside of the range reported for the follicular fluid of women with 
tubal and unexplained infertility (Source: Stovell, 1999); N D  = not determined; the total 
number of samples (n) in the study population was 75.
No values are presented for cadmium and iodine, as only seven results were obtained for 
these elements. These elements are present at very low levels in follicular fluid and as a 
result the limit of detection for these elements (0.11 and 0.16 pg L'1, respectively) 
hindered the number of results obtained.
Comparison of the trace element levels measured in blood serum and follicular fluid 
(Tables 4.3 and 4.5) show that the elemental levels in blood serum were higher than those 
in follicular fluid. This observation can be explained by the fact that the limited 
permeability of the follicle walls and their molecular shape restricts the entry of many
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blood plasma proteins; consequently the level of proteins and trace elements are lower in 
follicular fluid than in blood plasma/ serum (Paszkow ski et al, 1995, Paszkow ski et ah, 
1996, S tovell, 1999).
4.4.3 Endometrial fluid
As previously explained for blood serum and follicular fluid analysis, some endometrial 
fluid samples showed the presence of blood-taints. This is not surprising when the 
sample collection procedure is reviewed, namely endometrial fluid is obtained by 
washing out the uterus with a sterile water solution (section 2.4.4). It is understandable 
that this procedure may be effective for sample collection to undertake steroid hormone, 
prolactin and protein analysis (S ton e et al., 1986) but should be questioned for the 
determination of trace elements. Any sample showing visible blood-taints was excluded 
and is not reported in Table 4.6. Only zinc and manganese were quantifiable in 
endometrial fluid samples and no literature values for the trace element levels in 
endometrial fluid are available for comparison.
Table 4.6: Total elemental content of endometrial fluid samples.
Isotope Units Number of samples (n) Mean (SD) Endometrial fluid range
“ Zn" EgL'1 21 325.2 (362.0) 0.4-1405.6
55M n + EgL'1 22 0.72 (0.71) 0.04-3.03
The total number oiF samples (n) in the study population was 29.
The trace element content of endometrial fluid was unknown before this study. However, 
the fact that zinc is detected is not surprising. Endometrial fluid provides a nutrient pool 
for the growing embryo and zinc plays a major role in human fertility, for example, low 
serum zinc during early pregnancy can result in abnormal deliveries (W ein stock  et al., 
1983). Low zinc status of mothers has also been linked to a relatively high incidence of 
skeletal and congenital malformations (Jam eson, 1976). Zinc also protects against the 
negative effects that cadmium has on human fertility (P eereboom -Stegem an  et al, 1983,
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W ard et al, 1987, H u an g  et al, 2000). Human endometrial tissues release prolactin 
during the menstrual cycle and this hormone has been measured in endometrial fluid 
(S ton e et al, 1986). There are also suggestions that this hormone may be involved in 
implantation (M aslar and  R id d ick , 1979). This supports the determination of zinc, as an 
inter-relationship is known to exist between prolactin and zinc (L ogin  et al, 1983, 
M ah ajan  et al, 1983).
4.4.4 Scalp hair
Table 4.7 shows the mean, standard deviation and range of trace element levels measured 
in the scalp hair samples. The levels of trace elements measured in scalp hair of 
“normal” subjects are presented for comparison (P assw ater and C ranton , 1983, S tovell, 
1999).
Table 4.7: Total elemental content of scalp hair samples.
Isotope Units Mean (SD) Scalp hail* range (n) Scalp hail- - “normal” 
range (literature values)
82Se+ mg kg'1 0.97 (0.86) 0.09-3.03 (27) 0.5-4.0
57Fe+ mg kg'1 76.1 (62.0) 6.8-283.2(29) 20-50
65Cu+ mg kg'1 19.7 (16.7) 3.8-77.1 (39) 12-35
66Zn+ mg kg'1 133.3 (66.5) 31.9-390.3 (39) 160-240
55Mn+ mg kg'1 0.48 (0.33) 0.03 - 1.55 (36) 0.16-0.55
98M o+ mg kg'1 0.55 (0.37) 0.05- 1.19(38) 0.04-0.10
127j+ mg kg'1 0.43 (0.36) 0.05- 1.31 (30) 0.11-1.00
112Cd+ mg kg'1 0.37 (0.26) 0.05- 1.16(39) <1.0
208pb+ mg kg'1 2.32 (2.03) 0.16-9.03 (38) <20.0
Highlighted values lie outside of the range reported as “normal” in the literature (Source: 
P assw ater and  C ranton , 1993, Stovell, 1999); the total number of samples (n) in the 
study population was 39.
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Although some values are outside of those reported in the literature, it is important to 
remember that these samples were not collected from “normal” subjects. These samples 
were collected form infertile women undergoing IVF treatment. A  previous study that 
investigated the trace element levels in scalp hair of infertile women reported that 
infertile women had significantly higher levels of manganese and iron in their scalp hair 
in comparison to controls that represented a “normal” fertile female population (S tovell, 
1999).
4 .5  S tatistica l E valuation  o f  B lood  Serum  R esults£
A  series of statistical evaluations were performed on the blood serum results. These 
statistical methods were the same as those mentioned in section 3.6. In summary, this 
involved determining the elemental distribution, removing statistical outliers by a 
Dixon’s Q-test, performing a two tailed F-test and a Student t-test and finally determining 
a product moment correlation coefficient. For further details see section 3.6 and 
Appendix 2.
4.5.1 Distribution of elements in blood serum
The concentrations of each element in blood serum were determined to be of either a log­
normal or normal distribution. The elemental distribution was decided following the 
removal of statistical outliers as deduced by a Dixon’s Q-test (Appendix 2). The type of 
distribution was based upon the requirements outlined in section 3.6.2. All data 
presented was determined using Microsoft Excel™.
Following a Dixon’s Q-test it was determined that molybdenum, iodine and lead had 
statistical outliers (Probability level, P = 0.05). A  value of 8.6 pg L'1 for molybdenum 
was an outlier based on a calculated Q  (Qcaic) value of 0.709 and a critical Q  (Qcrit) value 
(n = 48) of 0.351. Values of 166.1 and 103.0 pg L"1 for iodine were outliers based on 
Qcaic and Q crit values of 0.379 and 0.348 (n = 50) and 0.356 and 0.349 (n = 49),
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respectively. A  value of 7.55 pg L'1 for lead was an outlier based on a Q^ ic value of 0.55 
and a Q crit value (n = 59) of0.342.
Table 4.8 shows the mean, standard deviation, geometric mean, median, sample number 
and distribution for all the measured trace elements in blood serum. All of the essential 
elements (apart from manganese) followed a normal distribution, indicating further 
evidence of their essentiality, biological activity and homeostasis within the body (section 
3.6.2.8).
Table 4.8: Elemental distribution in blood serum.
Isotope (Units) Mean (SD) Geometric
Mean
Median Sample
number
Distribution
82Se+ (Eg L"1) 95.7 (22.6) 93.1 94.1 57 Normal
57Fe+(mg L’1) 1.19(0.39) 1.12 1.15 58 Normal
65Cu+(mg L'1) 1.08(0.28) 1.04 1.04 64 Normal
66Zn+(mg L'1) 1.18(0.40) 1.12 1.14 64 Normal
55M n + (ng L'1) 3.48 (1.43) 3.27 3.14 58 Log-normal
98M o+ (|ig L'1) 0.90 (0.53) 0.74 0.79 47 Normal
127I+(EgI/') 28.7 (22.5) 13.83 26.6 48 Normal
1I2Cd+(ngL-‘) 0.14 (0.02) 0.14 0.14 58 Log-normal
208Pb+(ng L'1) 1.48 (0.66) 1.35 1.38 58 Log-normal
The total number of samples (n) in the study population was 97.
Manganese and the non-essential or toxic elements, namely cadmium and lead, follow a 
log-normal distribution indicating possible external contamination during sample 
collection or non-homeostatic regulation. In general, the log-normal distribution of 
manganese, as shown in Figure 4.1, would be unexpected as this is an essential trace 
element (section 1.4.3.7). However, high levels of manganese (above the “normal” level 
reported in the literature) were observed in the blood serum of both the infertile and
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control populations. It is thought that there could be a problem with the sample 
collection for this element, possibly as a result of using a stainless steel needle.
An  □ □  □___□ □
C oncentration  (ug L'1)
Figure 4.1: Distribution of manganese in blood serum.
4.5.2 Infertility type statistics for blood serum
The infertility study population contained three different groups, namely tubal (n = 10), 
unexplained (n = 30) and male factor (n = 3). These were labelled groups 1, 2 and 3, 
respectively. There was also a control population (C) of women who have no known 
fertility problems (n = 18). As mentioned in section 4.5, a two-tailed F-test was 
performed to ensure that there was no significant variation (at the 95 %  confidence level, 
P = 0.05) between the sample variances (square of the standard deviation, SD2) of the 
results obtained for each element from each group. A  Student t-test was then performed 
to investigate if there were any significant differences between the elemental levels 
within the different types of infertility and control populations. Unfortunately, these 
statistics could not be performed on the male factor infertility group, as the number in the 
sample population was too small.
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4 . 5 . 2 . 1 F - t e s t  r e s u l t s  f o r  b l o o d  s e r u m
A  two-tailed F-test was performed on all elements obtained from the two different types 
of infertility (G1 = tubal and G2 = unexplained) and the control group (C). The null 
hypothesis states that there is no significant difference in the sample variances of the 
trace element levels between each group. If the calculated F value is greater than the 
critical F value then the null hypothesis is rejected and a difference is reported at a certain 
level of significance. Some significant differences (at the 95 %  confidence level, P = 
0.05) were observed in the sample variances. Table 4.9 shows the element and the study 
groups for which this difference was observed, the calculated F value, the critical F value 
(at the 95 %  confidence level, P = 0.05) and the number of degrees of freedom for each 
group.
Table 4.9: Two-tailed F-test - trace elements in blood serum.
Element Difference 
observed between 
groups
Calculated 
F value
Critical F value 
(P = 0.05)
Number of degrees 
of freedom for each 
group
Zinc G2 and G1 15.22 2.22 30,9
Zinc G2 and C 9.66 2.00 30, 17
Manganese G2 and G1 2.51 2.23 29,9
Molybdenum G1 and G2 3.66 3.12 8, 22
Cadmium C and G1 48.79 2.50 17,9
Cadmium C and G2 40.38 2.00 17,29
Lead C and G2 2.37 2.23 16, 28
A  Student t-test was then performed on the results to see if there were any significant 
differences in the trace element levels between each group. A  Student t-test was also 
performed on the results that showed significant differences in the sample variances; care 
was taken when interpreting these particular results.
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4 . 5 3 2 S t u d e n t  t - t e s t  r e s u l t s  f o r  b l o o d  s e r u m
A  Student t-test was performed to determine if there was any significant difference in the 
trace element levels measured in the blood serum obtained from either the control or 
different types of infertility groups. The null hypothesis states that there is no significant 
difference in the results. If the calculated t value (tcaic) is greater than the critical t value 
(tcrit) then the null hypothesis is rejected and the level of significance established at a 
specific confidence level (probability (P) equal to 0.001, 0.01, 0.05 etc.). Table 4.10 
shows the element and study groups for which this significant difference was observed, 
along with the calculated t value, the critical t value, the probability level and the number 
of degrees of freedom at which the critical t value was measured.
Table 4.10: Student t-test - trace elements in blood serum.
Element Relationship tcaic tent (Probability 
level)
Number of degrees of 
freedom (ni + n2 -2)
Se Tubal v unexplained 2.26 2.024 (0.05) 38
Se Unexplained v control -5.43 3.514(0.001) 46
Cu Tubal v unexplained 2.47 2.423 (0.02) 40
Zn Control v tubal -4.78 3.707 (0.001) 26
Zn Unexplained v control 2.13* 2.012 (0.05) 47
*Care must be taken when analysing this result, as a significant variation was observed in 
the sample variances of these two groups.
As mentioned in section 3.6.3.2, very few authors in the literature have investigated and 
compared the trace element status of women with different types of infertility. Blood 
serum selenium levels have been reported to be higher (although not significantly) in 
women with unexplained compared to tubal infertility (P aszkow ski et a l 1995). 
Another study in the literature confirmed this selenium result but also stated that iron, 
copper, zinc and cadmium levels were higher and that lead levels were lower (although 
not significantly) in women suffering from unexplained rather than tubal infertility
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(S tovell, 1999). This study also found a significantly lower level (P = 0.02) of copper 
and a lower level of zinc (although not significantly) in the unexplained group relative to 
the tubal infertility group.
This study shows a significantly higher level of selenium (P = 0.05) in women with tubal 
rather than unexplained infertility. This trend was also observed (although not 
significantly) in the “stress” study. Another finding that supports the work shown in 
Table 3.7 is that higher levels of iron (although not significantly in this case) were 
measured in the blood serum of women with tubal rather than unexplained infertility.
When the control population is considered, a surprising result arises. Individuals in the 
tubal infertility group have significantly higher (P = 0.001) levels of zinc in comparison 
to the control population. This is surprising, as it contradicts the literature and the work 
described in section 3.6.3.2. Zinc is known to be essential for human fertility and 
infertile women have reportedly lower levels of zinc (Sato et al., 1985, Stovell, 1999). In 
this study, the unexplained infertility group also has significantly higher levels of zinc (P 
= 0.05) than the control population, although this can not be stated with confidence as a 
significant difference was observed between the sample variances of these two groups 
following a two-tailed F-test,
A  result that is in agreement with published findings is that the control population has 
significantly higher levels of selenium (P = 0.001) in comparison to the unexplained 
infertility group. Selenium levels have been reported to be lower in women with fertility 
problems (R aym an, 2000) and low levels have been linked to recurrent miscarriages 
(B arrin gton , 1996).
4.5.3 Product moment correlation coefficients for blood serum
The product moment correlation coefficient was determined and the level of its 
significance was calculated statistically using a two-tailed t-test and n - 2 degrees of 
freedom. The null hypothesis states that there is no significant correlation between the x
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and y axis values. If the calculated value of t (tcaic) is greater than the tabulated value 
(tcrit), then the null hypothesis is rejected and it was concluded that there is a significant 
correlation. Further details of these statistical methods are reported in Appendix 2. This 
statistical evaluation was performed solely on the infertile population, as there is no extra 
data available for the small (n = 18) control population.
4.5.3.1 Age - element correlations for blood serum
As mentioned in section 3.6.4.1, age has previously been shown to influence the levels of 
certain elements in human blood serum, for example, copper, zinc, selenium and 
manganese (V ersieck  and  C o m elis , 1989). However, these differences were generally 
only observed when comparisons were made over a whole life span, such as between 
children, adolescents, adults and the aged (V ersieck  and  C ornelis, 1989). An 
investigation was carried out to see if the age of the subjects, which ranged from 24 - 44 
years, had a significant impact on the results. The results showed that no significant 
correlations (P = 0.05) were observed between the age of the subject and the 
corresponding elemental concentration. It was therefore found that the elemental 
concentrations were not a function of age. This is mostly in agreement with that found in 
section 3.6.4.1, where only a possible correlation was observed between copper and age 
at the 90 %  confidence level (P = 0.10). In contrast, previous studies in our laboratory 
showed that iron and zinc levels in blood serum decreased significantly with increasing 
age (P = 0.05) (Stovell, 1999).
4.5.3.2 Element — element correlations for blood serum
Some elements are known to have antagonistic or synergistic relationships. Some of 
those with an antagonistic relationship are (G ro ff and G ropper, 1995):
• selenium - cadmium;
• iron - zinc, calcium, lead;
• copper - zinc;
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• zinc - calcium, cadmium, lead;
• calcium - magnesium.
Some elements that have a synergistic relationship are (G roff and G ropper, 1995):
• iron - copper, selenium;
• copper - selenium.
An investigation into any correlations between all of the elements measured in this study 
was performed. A  summary of the significant correlations (and the probability level, P) 
is shown in Table 4.11. A  full review of the results can be seen in Appendix 5.
Table 4.11: Significant element - element correlations in blood serum.
Elements Product moment correlation coefficient (r) tcalc (n) tcrit (P)
M n  v Zn + 0.433 3.52 (58) 3.472 (0.001)
M n  v Se - 0.371 2.99 (58) 2.666 (0.01)
M n  vi -0.519 4.15(49) 3.509 (0.001)
Fe vZn + 0.293 2.29 (58) 2.001 (0.05)
Zn vi - 0.341 2.49 (49) 2.409 (0.02)
ZnvPb - 0.287 2.22 (57) 2.004 (0.05)
Se v M o - 0.323 2.31 (48) 2.013 (0.05)
Se v Cd - 0.326 2.58 (58) 2.392 (0.02)
Se vi + 0.693 6.59 (49) 3.509 (0.001)
Se vPb + 0.498 4.26 (57) 3.476 (0.001)
M o  vi - 0.449 3.06 (39) 2.715 (0.01)
M o  vPb - 0.302 2.13 (47) 2.014 (0.05)
I vPb + 0.366 2.67 (48) 2.411 (0.02)
P = probability level, n = number in sample population.
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Several significant correlations have been observed for manganese, although care has to 
be taken when considering them, as there appears to be a contamination problem with 
this element (section 4.5.1). A  significant positive correlation (r = + 0.433) was observed 
between manganese and zinc at the 99.9 %  confidence level (P = 0.001). An interaction 
has been reported between manganese and zinc, in that zinc affects the bioavailability of 
manganese, although the nature of the interaction was inconclusive (Forbes and  
E rdm an, 1983). The result obtained in this study would suggest that the two elements 
have a synergistic relationship. Other interactions observed for manganese were negative 
correlations with selenium (r = - 0.371, P = 0.01) and iodine (r = - 0.519, P = 0.001). 
These interactions have not been reported in the literature. The main interaction reported 
for manganese is with iron (G ro ff and  G ropper, 1995, O ’D ell and  Sunde, 1997). Iron 
may compete with manganese for absorption sites. In contrast, this study observed a 
positive (although not significant) correlation between manganese and iron (r = + 0.240).
Excessive intakes of iron have been shown to inhibit zinc absorption indicating an 
antagonistic relationship (W h ittak er, 1998). In this study, a significant positive 
correlation was observed (r = + 0.293, P = 0.05). This implies that excessive amounts of 
iron were not being consumed and this is confirmed in Table 4.3, as the mean level of 
iron determined in blood serum was within the “normal” range reported in the literature. 
Other interactions of iron that are commonly reported in the literature are with selenium, 
copper and lead. Iron deficiency is associated with decreased levels of selenium (Y etg in  
et al , 1992). However, in this study a negative (although not significant) correlation 
between iron and selenium is observed (r = - 0.136). Other studies have reported a 
positive relationship between iron and copper, in that iron can only be mobilized from 
ferritin stores with copper-dependent ferroxidase activity (G ro ff and  G ropper, 1995). 
This study shows a positive correlation (although not significant) between iron and 
copper (r = + 0.035). Finally, iron is associated with lead, in that lead inhibits 8- 
aminolaevulanic acid, an enzyme that is required for haem synthesis (G roff and  
G ropper, 1995). In agreement with the literature, a negative relationship (although not 
significant) is observed between iron and lead in this study (r = - 0.139).
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Alongside the significant positive relationship observed with iron, significant negative 
relationships were also observed between zinc and iodine (r = - 0.341, P = 0.02) and zinc 
and lead (r = - 0.287, P = 0.05). This negative interaction between zinc and lead is well 
known, as lead may replace zinc in the enzyme 5-aminolaevulanic acid, which is 
necessary for haem synthesis (G oyer, 1995). Other well known zinc interactions are 
with copper and cadmium. A  strong mutual antagonistic relationship, caused by the 
induction of intestinal metallothionein is well established between copper and zinc (F esta  
et al., 1985). However, in this study a slightly positive (although not significant) 
correlation was observed (r - + 0.038). Cadmium reportedly disrupts normal zinc 
function, i.e. cadmium and zinc have an antagonistic relationship. However, as with 
copper, a positive (although not significant) relationship was observed (r = + 0.136).
No significant relationships were observed for copper in this study. Along with the 
relationships with iron and zinc that have already been discussed, copper is reported to 
interact with selenium and molybdenum. Copper deficiency causes a decrease in 
glutathione peroxidase activity (O lin  et al, 1994) implying a synergistic relationship 
with selenium and this is observed although not significantly in this study (r = + 0.095). 
Molybdenum causes increased copper mobilization from tissues and promotes excretion, 
indicating an antagonistic relationship (T u m lu n d , 1988). This is observed (although not 
significantly) in this study (r = - 0.045).
Along with a significant negative relationship with manganese, selenium was shown to 
have significant relationships with molybdenum (r = - 0.323, P = 0.05), iodine (r = + 
0.693, P = 0.001), cadmium (r = - 0.326, P = 0.02) and lead (r = + 0.498, P = 0.001). 
These relationships are not widely reported in the literature. However, both selenium and 
iodine are required for the proper functioning of the thyroid so the significant positive 
correlation observed between these two elements is not surprising. The antagonistic 
relationship between selenium and cadmium can be explained through the toxicity of 
cadmium and the essentiality of selenium. A  relationship between selenium and lead has 
been reported in the literature (G ro ff and  G ropper, 1995). However, in contrast to this 
study, the published trends propose an antagonistic relationship, with sub-clinical levels
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of lead associated with significantly lower tissue concentrations of selenium (N eatherly  
et a l , 1987).
Alongside the significant relationship with selenium, significant antagonistic 
relationships were observed between molybdenum and iodine (r = - 0.449, P = 0.01) and 
molybdenum and lead (r = - 0.302, P = 0.05). A  significant positive relationship was 
observed between iodine and lead (r = + 0.366, P = 0.02), which was surprising due to the 
toxicity of lead. A  significant positive relationship was also observed between lead and 
selenium (r = + 0.498, P = 0.001) and selenium and iodine (r = + 0.693, P = 0.001) 
forming an unexpected triangle of synergistic relationships.
4.6  S tatistica l E valuation  o f  F ollicu lar F lu id  R esults
The same series of statistical evaluations were performed on the follicular fluid results as 
described in section 4.5, namely elemental distribution, Dixon’s Q-test, a two-tailed F- 
test, a Student t-test and determination of a product moment correlation coefficient.
4.6.1 Distribution of elements in follicular fluid
Trace element concentrations in follicular fluid were determined to have either a log­
normal or normal distribution. The type of distribution was selected based upon the 
details reported in section 3.6.2. All data presented was determined using Microsoft 
Excel™. The elemental distribution was calculated following the removal of statistical 
outliers as deduced by a Dixon’s Q-test (Appendix 2). Only lead had a statistical outlier 
(P = 0.05), namely a value of 24.83 jag L'1 based on a Q catc value of 0.512 and a Q crit 
value (n = 28) of 0.423.
Table 4.12 shows the mean, standard deviation, geometric mean, median, sample number 
and elemental distributions in follicular fluid.
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Table 4.12: Elemental distribution in follicular fluid.
Isotope (Units) Mean (SD) Geometric
Mean
Median Sample
number
Distribution
82Se+ (pg L"1) 55.2 (27.3) 48.9 50.9 74 Normal
57Fe+ (mg L'1) 0.61 (0.19) 0.59 0.57 74 Normal
65Cu+ (mg L'1) 0.57 (0.20) 0.53 0.55 74 Normal
66Zn+ (mg L"1) 0.33 (0.12) 0.31 0.30 74 Normal
55Mn + (pg L*1) 3.0 (2.5) 2.29 2.21 74 Log-normal
98M o+ (pg L"1) 0.23 (0.17) 0.16 0.16 27 Normal
I27I+ (pg L'1) N V N V N V N V N V
112Cd+(pg L"1) N V N V N V N V N V
208Pb+ (pg L"1) 3.0 (2.8) 1.72 2.16 27 Log-normal
N V  = no values; the total number of samples (n) in the study population was 75.
As outlined for blood serum all of the essential elements (apart from manganese) 
followed a normal distribution, indicating further evidence of their essentiality, biological 
activity and homeostasis within the body. Similarly, lead and manganese followed a log­
normal distribution. Possible explanations for these trends have been proposed in section
4.5.1.
4.6.2 Infertility type statistics for follicular fluid
A  two-tailed F-test was performed to ensure that there was no significant variation
between the sample variances (square of the standard deviation, SD2) of the results 
obtained from the tubal (n = 10) and the unexplained infertility (n = 30) groups. A  
Student t-test was then performed to investigate if there were any significant differences
in the element levels between these different types of infertility.
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4 . 6 . 2 . 1 F - t e s t  r e s u l t s  f o r  f o l l i c u l a r  f l u i d
No significant differences were observed at the 95 %  confidence level (P = 0.05) between 
the sample variances for any of the trace elements measured in the tubal and unexplained 
infertility groups.
4.6.2.2 Student t-test results for follicular fluid
No significant differences were observed at the 95 %  confidence level (P - 0.05) in the 
trace element levels measured in the follicular fluid obtained from tubal or unexplained 
infertility populations. Previous reports in the literature have reported that women with 
tubal infertility have significantly higher levels (P = 0.02) of selenium than those with 
unexplained infertility (P aszow ski et al., 1995). Furthermore, a previous study in the 
ICP-MS Facility at Surrey showed (although not significantly) that women with tubal 
infertility had higher levels of iron, zinc and selenium in their follicular fluid in 
comparison to the follicular fluid of women with unexplained infertility (S tovell, 1999). 
In this study, selenium levels were found to be higher (although not significantly) in 
women with tubal rather than unexplained infertility.
4.6.3 Product moment correlation coefficients for follicular fluid
The product moment correlation coefficient (r) was determined and the level of its 
significance was calculated statistically using a two-tailed t-test and n - 2  degrees of 
freedom. The null hypothesis and the method of calculation is the same as that reported 
for blood serum in section 4.5.3. Further details of these statistical methods are reported 
in Appendix 2.
4.6.3.1 Age - element correlations for follicular fluid
As with blood serum, no significant correlations were observed between age and the trace 
element levels measured in follicular fluid. This is expected because the subject
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population is adult women who are within a narrow age range (24 - 44 years). This 
research is also in agreement with previous studies in our laboratory (Stovell, 1999).
4 . 6 3 . 2 Element - element correlations for follicular fluid
The content of follicular fluid is the result of secretion from the granulosa cells that line 
the follicle and also compounds diffusing across the basement membrane of the follicle 
from blood plasma (Berne and Levy, 1993). Despite, the lower levels of trace elements 
present in follicular fluid as a result of the limited permeability, it is possible that 
correlations observed between certain elements in blood could also be observed in 
follicular fluid. A  summary of the results that show a significant level of correlation is 
shown in Table 4.13. A  full review of the results can be seen in Appendix 6.
Table 4.13: Significant element - element correlations in follicular fluid.
Elements Product moment correlation coefficient (r) tcalc (h) tcrit (P)
M nvFe + 0.456 4.35 (74) 3.431 (0.001)
M n  v Cu + 0.408 3.79 (74) 3.431 (0.001)
M n  vZn + 0.386 3.55 (74) 3.431(0.001)
M n  v Se + 0.437 4.12 (74) 3.431 (0.001)
Fe v Cu + 0.577 5.99 (74) 3.431 (0.001)
Fe vZn + 0.714 8.65 (74) 3.431 (0.001)
Fe v Se + 0.537 5.40 (74) 3.431 (0.001)
Fe v M o + 0.457 2.57 (27) 2.485 (0.02)
Cu vZn + 0.641 7.09 (74) 3.431 (0.001)
Cu v Se + 0.753 9.71 (74) 3.431 (0.001)
Zn v Se + 0.762 9.98 (74) 3.431 (0.001)
Zn v M o + 0.546 3.26 (27) 2.787 (0.01)
P = probability level; the total number of samples (n) in the study population was 75.
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As with blood serum, several significant correlations have been observed for manganese; 
care has to be taken when considering these results due to the contamination problem 
with this element (section 4.5.1 and 4.6.1). Several significant positive correlations are 
also observed for iron, namely with selenium (r = + 0.537, P - 0.001), copper (r = + 
0.577, P = 0.001), zinc (r = + 0.714, P = 0.001) and molybdenum (r = + 0.457, P = 0.02). 
The positive relationship with selenium can be explained by the fact that iron deficiency 
affects the absorption of selenium (G ro ff and  G ropper, 1995). The positive relationship 
with copper is known because of the copper-containing caeruloplasmin as a ferroxidase. 
The positive relationship between iron and zinc is not normally observed, although it was 
also observed to be significant in the blood serum results of this study (Table 4.11). Two 
positive significant relationships were observed for copper, namely with selenium (r = + 
0.753, P = 0.001) and zinc (r = + 0.641, P = 0.001). The relationship with selenium is 
expected because copper deficiency has been shown to decrease the activity of selenium- 
dependent glutathione peroxidase (Olin et at, 1994). The positive relationship with zinc 
goes against what is reported in the literature (F ischer et al, 1984, Festa et al, 1985, 
F osm ire, 1990), although it agrees with the positive (but not significant) relationship 
observed in blood serum.
Two other significant positive correlations were observed for zinc in the follicular fluid 
samples, namely with selenium (r = + 0.762, P = 0.001) and molybdenum (r = + 0.546, P 
= 0.01). The relationship between zinc and selenium is not one that is normally 
discussed, although both are heavily involved in the immune system so a synergistic 
relationship is not surprising. A  relationship between molybdenum and zinc has been 
proposed although the mechanism is not yet understood (G ro ff and  G ropper, 1995).
4 .7  S tatistica l E valuation  o f  E nd om etria l F lu id  R esults
Some statistical evaluations were performed on the results obtained for endometrial fluid. 
These involved determining the distribution of each element, removal of any statistical 
outliers by a Dixon’s Q-test and the determination of product moment correlation 
coefficients. A  two-tailed F-test and a Student t-test were not performed on the results as
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unfortunately the population number of each infertility group was too small to warrant 
statistical analysis. For further details of the statistical tests that were performed see 
section 3.6 and Appendix 2.
4.7.1 Distribution of elements in endometrial fluid
Only two elements were determined in endometrial fluid. The concentrations for each of 
these elements were shown to have a normal distribution pattern. This was based upon
the details reported in section 3.6.2. All data presented was calculated using Microsoft£
Excel™. Following Dixon’s Q-tests it was found that there were no statistical outliers. 
Table 4.14 shows the mean, standard deviation, geometric mean, median, sample number 
and distributions of the trace elements in endometrial fluid.
Table 4.14: Elemental distribution in endometrial fluid.
Isotope (Units) Mean (SD) Geometric
Mean
Median Sample
number
Distribution
66Zn+ (j-ig L'1) 325.2 (362.0) 153.7 174.3 21 Normal
35M n + (fxg L"1) 0.72 (0.71) 0.42 0.55 22 Normal
The total number of samples (n) in the study population was 29.
4.7.2 Product moment correlation coefficients for endometrial fluid
The product moment correlation coefficient was determined and the level of its 
significance was calculated statistically using a two-tailed t-test and n - 2 degrees of 
freedom (as indicated in sections 4.5.3 and 4.6.3).
4.7.2.1 Age - element correlations for endometrial fluid
No significant correlations were observed at the 95 %  confidence level (P = 0.05) 
between the age of each subject and the trace element levels measured in the endometrial
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fluid samples. This indicated that the level of each trace element determined within the 
endometrial fluid was not as a direct function of the age of the subjects.
4.7.2.2 Element - element correlations for endometrial fluid
Elemental correlations within endometrial fluid have not previously been reported. This 
study produced only quantitative levels for zinc and manganese in endometrial fluid. No 
relationships have been reported between these two elements, with most studies 
concentrating instead upon the relationships of zinc with copper, iron, cadmium and lead. 
Despite this, a significant correlation was observed between zinc and manganese in 
endometrial fluid. A  product moment correlation coefficient value (r) of + 0.830 was 
obtained, indicating a significant synergistic relationship at the 99.9 %  confidence level 
(P = 0.001) based on a W c  value of 6.14 (n = 19) and a tcrit value of 3.965 (n - 2 degrees 
of freedom).
4.8  S tatistica l E valuation  o f  Scalp  H a ir  R esu lts
The same series of statistical evaluations were performed on the scalp hair results as was 
performed on those obtained for blood serum (section 4.5). For further details of these 
statistical tests see section 3.6 or Appendix 2.
4.8.1 Distribution of elements in scalp hair
Following the removal of statistical outliers as deduced by a Dixon’s Q-test (Appendix 
2), the concentrations of each element in scalp hair were determined to be of either a log­
normal or normal distribution pattern. Molybdenum, iodine and lead had statistical 
outliers (P = 0.05). A  value of 2.36 mg kg"1 for molybdenum was an outlier based on a 
Qcaic value of 0.51 and a Q crit value (n = 39) of 0.374. A  value of 6.34 mg kg'1 for iodine 
was an outlier based on a Q caic value of 0.799 and a Qcrit value (n = 31) of 0.407. A  value 
of 24.89 mg kg'1 for lead was an outlier based on a Qcaic value of 0.641 and a Q crit value
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(n — 39) of 0.374. The distribution was then calculated based upon the details reported in 
section 3.6.2.
Table 4.15 shows the mean, standard deviation, geometric mean, median, sample number 
and distributions of the trace elements in scalp hair.
Table 4.15: Elemental distribution in scalp hair.
Isotope (Units) Mean (SD) Geometric Mean Median Sample
number
Distribution
82Se+ (mg kg'1) 0.97 (0.86) 0.60 0.76 27 Log-normal
S7Fe+ (mg kg"1) 76.1 (62.0) 54.6 62.0 29 Log-normal
65Cu+ (mg kg'1) 19.7 (16.7) 14.7 12.6 39 Log-normal
66Zn+ (mg kg"1) 133.3 (66.5) 120.0 124.4 39 Normal
55Mn + (mg kg'1) 0.48 (0.33) 0.36 0.46 36 Normal
98M o+ (mg kg"1) 0.55 (0.37) 0.39 0.51 38 Normal
127I+ (mg kg'1) 0.43 (0.36) 0.30 0.30 30 Log-normal
112Cd+(mg kg"1) 0.37 (0.26) 0.29 0.30 39 Log-normal
208Pb+ (mg kg'1) 2.32 (2.03) 1.61 1.50 38 Log-normal
The total number of samples (n) in the study population was 39.
In disagreement with the distributions observed in blood serum, selenium, iron, copper 
and iodine were determined to have a log-normal distribution. However, the zinc 
concentrations still followed a normal distribution pattern. These determined 
distributions are in agreement with those reported in the literature (RyabukJiin, 1980, 
M on asterios et al, 1986, Stovell, 1999). The log-normal trends for some of the essential 
elements may be related to the ease in which external contamination can occur to scalp 
hair. Moreover, many studies have questioned whether the trace element composition of 
scalp hair is related to specific metabolic processes or whether it is just a “sink” or 
excretory pathway for many trace elements (C h att and  K atz, 1988).
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4.8.2 Infertility type statistics for scalp hair
A  two-tailed F-test was performed to ensure that there was no significant variation 
between the sample variances (square of the standard deviation, SD2) of the results 
obtained from the tubal (n = 10) and the unexplained infertility (n - 30) groups. A  
Student t-test was then performed to investigate if there were any significant differences 
between the element levels within these different types of infertility.
4.8.2.1 F-test results for scalp hair
A  two-tailed F-test was performed on the level of all elements obtained from the two 
different types of infertility (G1 = tubal and G2 = unexplained). Some significant 
differences (at the 95 %  confidence level, P = 0.05) were observed in the sample 
variances. Table 4.16 shows the element and the study groups for which this difference 
was observed, the calculated F value, the critical F value (at the 95 %  confidence level, P 
= 0.05) and the sample number for each group.
Table 4.16: Two-tailed F-test - trace elements in scalp hair.
Element Difference observed 
between groups
Calculated 
F value
Critical F value 
(P = 0.05)
Number of degrees 
of freedom for each 
group
Fe G2 and G1 7.17 3.26 12,4
Se G2 and G1 3.84 3.11 14,4
I G2 and G1 3.72 3.41 13,3
Pb G2 and G1 3.37 2.74 19,5 !
A  Student t-test was then performed on the results to see if there were any significant 
differences in the trace element levels between each group. A  Student t-test was also 
performed on the results that showed significant differences in the sample variances; care 
was taken when interpreting these particular results.
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4 . 8 . Z 2 S t u d e n t  t - t e s t  r e s u l t s  f o r  s c a l p  h a i r
A  Student t-test was performed on the trace element levels obtained for the tubal and 
unexplained infertility groups. Only one significant difference was observed, namely 
subjects with tubal infertility had significantly higher levels of zinc (P = 0.05) than those 
with unexplained infertility, based on a tcaic value of 2.146 and a tcrit value of 2.06 
(number of degrees of freedom = 25). The explanation for this is unknown. However, the
level of zinc measured in scalp hair is dubious anyway, as it has been shown that during
£clinical zinc deficiency - high, low and normal levels of zinc have been measured in scalp 
hair (H ow ard , 1990). Previous studies in our laboratory compared trace element levels 
in the scalp hair of infertile women against a control population and found that the scalp 
hair of infertile women had higher levels of iron and manganese in comparison to the 
controls. Unfortunately, this study did not involve an investigation into different types of 
infertility (Stovell, 1999).
4.8.3 Product moment correlation coefficients for scalp hair
The product moment correlation coefficient was determined and the level of its 
significance was calculated statistically using a two-tailed t-test and n - 2 degrees of 
freedom as described in section 4.5.3. Further details of these statistical methods are 
reported in Appendix 2.
4.8.3.1 Age - element correlations for scalp hair
No significant correlations were observed at the 95 %  confidence level (P = 0.05) 
between the age and trace element levels in scalp hair of infertile women. This indicated 
that the level of each trace element determined within the scalp hair was not as a direct 
Junction of the age of the subjects. This is in contrast to reports in the literature, for 
example, the levels of copper, lead and cadmium in scalp hair taken from individuals 
under 30 years of age have been found to be significantly higher than scalp hair taken
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from individuals who are over 40 years of age (Schroeder and  N ason , 1969). 
Concentrations of aluminium, potassium, vanadium and manganese have also been 
reported to decrease with age, whilst magnesium, calcium, copper and zinc increase with 
age (T ak eu ch i et al., 1982).
4.83.2 Element - element correlations for scalp hair
A  summary of the significant correlations (and the probability level, P) observed between 
the elements is shown in Table 4.17. A  full review of the results can be viewed in 
Appendix 7.
Table 4.17: Significant element - element correlations in scalp hair.
Elements Product moment correlation coefficient (r) tcalc (n) tcrit (P)
M n  v M o + 0.614 4.47 (35) 3.611(0.001)
M n v C d + 0.344 2.14 (36) 2.032 (0.05)
M n  vi + 0.368 2.06 (29) 2.052 (0.05)
Fe v M o + 0.378 2.12 (29) 2.052 (0.05)
Se vPb + 0.596 3.71 (27) 2.787 (0.01)
M o  vCd + 0.382 2.48 (38) 2.434 (0.02)
M o  vi + 0.383 2.19(30) 2.048 (0.05)
Cd vi + 0.547 3.46 (30) 2.763 (0.01)
P = probability level; the total number of samples (n) in the study population was 39.
As external contamination of scalp hair can easily occur, despite the standard collection 
procedure (section 2.4.6), care must be taken when considering observed correlations 
between the elements.
Scalp hair reflects the levels of trace elements that the body stores and as only positive 
correlations were observed, this indicates that as increasing levels of one element were 
deposited, so to were the levels of the other element. This could be as a direct result of
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the metabolism of each element within the human body. However, none of the 
significant positive correlations observed in scalp hair reflect common synergistic 
relationships in any matrix reported in the literature. A  previous study reported a 
significant correlation between zinc and phosphorous (P = 0.01) in scalp hair 
(H avercroft, 1989). Unfortunately, no comparison can be made to this finding as 
phosphorous was not analysed during this study.
4.9  S tatistica l C om parison  o f  B io log ica l M atrices
*As four biological matrices were obtained from most of the subjects involved in this 
research, an investigation into the existence of any possible correlations for each element 
between the different matrices was performed. For instance, a product moment 
correlation coefficient was calculated (and its significance level) for the selenium 
concentrations determined in the blood serum and follicular fluid samples obtained from 
each subject.
4.9.1 Product moment correlation coefficients for elements in biological 
matrices
A  product moment correlation coefficient was determined for each element within:
• blood serum and follicular fluid;
• blood serum and endometrial fluid;
• blood serum and scalp hair;
• follicular fluid and endometrial fluid;
• follicular fluid and scalp hair;
• endometrial fluid and scalp hair.
The level of significance was calculated statistically using a two-tailed t-test and n - 2  
degrees of freedom. The null hypothesis states that there is no significant correlation 
between the x and y axis values. If the calculated vale of t (tcaic) is greater than the
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tabulated value (tcrit), then the null hypothesis is rejected and it is concluded that there is a 
significant correlation.
No significant correlations were observed between any of the elements within any of the 
matrices. This was surprising in some instances, as it was expected that some significant 
correlations would exist, particularly as a previous study in our laboratory determined 
that there was a significant coreelation between levels of iron (P = 0.01), copper (P =
0.001) and selenium (P = 0.001) within blood serum and follicular fluid (S tovell, 1999). 
However, despite the fact that follicular fluid is known to contain constituents from blood 
that diffuse across the basement membrane of the ovarian follicles, some components of 
follicular fluid are produced locally so the trace element concentration trends in blood 
serum would not necessarily reflect levels in follicular fluid (E dw ards, 1974). Another 
case reported that there was no correlation between zinc levels in serum and scalp hair. 
Moreover, it was found that cases of clinical deficiency have been associated with high, 
low and normal levels of zinc in scalp hair (H ow ard , 1990).
4 .10  F u rth er Sub-group  Investigation s
When patients were recruited on the day of egg collection, a questionnaire was supplied 
in order to obtain information about the lifestyle of each subject. As a result, the 
following sub-groups were created:
• smokers (S) and non-smokers (NS);
• those who consumed alcohol (A) and those who did not (NA);
• those who had used oral contraceptives (OC) and those who had not (NOC).
A  more detailed statistical evaluation was then undertaken to compare the trace element 
concentrations of each sub-group within the total study population.
The statistical evaluation involved a two-tailed F-test and a Student t-test as described in 
section 3.6 and Appendix 2. The significant differences (as determined by a two-tailed F-
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test) observed in the sample variances for each element in each matrix are shown in Table 
4.18.
Table 4.18: Two-tailed F-test - trace elements within the sub-groups of each matrix.
Element Matrix Difference 
observed between 
groups*
Fcalc Fcrit (P ~ 
0.05)
Number of degrees 
of freedom for 
each group
Se Blood serum NS and S 2.81 2.23 33, 8
, Se Blood serum O C  and N O C 3.03 2.13 30,11
Se Follicular fluid NAand A 2.04 1.84 20, 37
Se Follicular fluid N O C  and O C 2.14 2.07 15,42
Se Scalp hair A a n d N A 5.11 3.03 13,5
Fe Blood serum NS and S 2.91 2.23 33,8
Fe Blood serum NAand A 2.26 2.15 18, 23
Fe Follicular fluid N O C  and OC 2.24 2.07 15,42
Fe Scalp hair A a n d N A 3.46 3.41 13,3
Cu Scalp hair A  andNA 7.53 2.55 17,8
Zn Blood serum O C  and N O C 3.02 2.10 31, 12
. Zn Scalp hair NS and S 5.79 2.84 21,4
M n Blood serum NS and S 3.09 2.23 33,8
M n Blood serum A  andNA 4.04 2.20 23, 18
M n Blood serum O C  and N O C 2.33 2.13 30, 11
M n Follicular fluid N A  and A 3.69 1.84 20, 37
M o Blood serum NAand A 2.72 2.40 15, 16
I Scalp hair O C  and N O C 7.14 3.41 13,3
Pb Blood serum O C  and N O C 2.17 2.165 30,10
Pb Scalp hair A a n d N A 2.99 2.59 16,8
* where S/ NS = smoker/ non-smoker, AJ N A  = subject does or does not consume
alcohol, OC/ N O C  = subject has or has not used oral contraceptives.
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A  Student t-test as described in section 4.5.2.2 was then performed on the results to see if 
there were any significant differences in the trace element levels within each sub-group. 
The significant differences are shown in Table 4.19.
Table 4.19: Student t-test - trace elements in sub-groups.
Element Matrix Relationship tcalc tcrit(P) Number of degrees 
of freedom 
(m + n2 -2)
Mn* Follicular fluid NAand A 2.34 2.002 (0.05) 57
Cd Blood serum N O C  and OC 2.76 2.701 (0.01) 41
*Care must be taken when analysing this result, as a significant variation was observed in 
the sample variances of these two groups.
As can be seen in Table 4.19, few significant differences were observed in the trace 
element levels within the sub-groups. This was surprising as it was expected that several 
differences would have been observed. For instance, the use of the oral contraceptive pill 
is known to increase copper levels within the human body (P rasad  et al., 1975, T horp , 
1980). This study did observe raised levels of copper (although not significant) in the 
blood serum and scalp hair of women who had used oral contraceptives. The fact that 
this result was not observed to be significant, could be as a result of the small sample 
number or because of the fact that there was no indication of the length of time each 
subject had used oral contraceptives, or for how long since they had stopped.
One of the results that this study did show involved significantly raised cadmium levels 
(P = 0.01) in the blood serum of women who had not used an oral contraceptive in 
comparison to those who had. This influence on cadmium levels is not normally 
considered in the literature, as the interest generally surrounds the previously mentioned 
increase in copper levels. An increase in copper levels results in a subsequent decrease in 
zinc levels (Suzuki et al, 2001), which lowers protection against cadmium (P assw ater  
and C ranton , 1983). This would create the hypothesis that women who use oral
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contraceptives would have higher levels of cadmium, which is in disagreement with the 
result observed in this study.
Another expected result was that smokers (in comparison to non-smokers) would have 
raised levels of cadmium in blood serum, as this has been previously reported in the 
literature (W ard et al., 1987). Cadmium has also been shown to accumulate in the 
follicular fluid of women who smoke (Z enzes et al., 1995). A  raised level of cadmium 
was observed (although not significantly) in blood serum; unfortunately, cadmium was 
not detected in enough of the follicular fluid samples (due to the limit of detection for 
cadmium, as shown in Table 2.10) to warrant statistical analysis. The proximity of the 
detected levels of cadmium in blood serum (Table 4.3) to the limit of detection (Table 
2.10) could be a possible explanation for the lack of a significant difference observed 
between smokers and non-smokers.
It has been reported that both smoking and alcohol have a detrimental influence on the 
levels of zinc within the body (P assw ater and  C ranton , 1983, W ard et al., 1987, 
V ersieck  and C ornells, 1989). In agreement with the literature, a lower level of zinc 
was observed in the blood serum and follicular fluid of smokers in comparison to non- 
smokers in this study. In contrast, higher levels of zinc were observed in both the blood 
serum and follicular fluid of the sub-group who consumed alcohol in comparison to those 
who did not. All of the above observations were not significantly different.
4.11 Sum m ary
The levels of selenium, iron, copper, zinc, manganese, molybdenum, iodine, cadmium 
and lead were measured in the blood serum, follicular fluid, endometrial fluid and scalp 
hail* of infertile women undergoing IVF treatment at Hammersmith Hospital, London. 
All samples were collected and prepared using the standard procedures described in 
section 2.4 and 2.5. The samples were analysed using pneumatic solution nebulisation 
inductively coupled plasma mass spectrometry (PSN-ICP-MS) and quality control was
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ensured through the analysis of certified reference materials, as shown in Tables 4.1 and 
4.2.
The following observations were found:
i. in blood serum and follicular fluid, the concentrations of all essential elements 
(apart from manganese) followed a normal distribution; manganese and the 
toxic elements (cadmium and lead) followed a log-normal distribution;
ii. both zinc and manganese followed a normal distribution pattern in 
endometrial fluid;
iii. in scalp hair, selenium, iron, copper, iodine, cadmium and lead followed a 
log-normal distribution and zinc, manganese and molybdenum followed a 
normal distribution;
iv. selenium levels in the blood serum of the control population were found to be 
significantly higher (P = 0.001) in comparison to the unexplained infertility 
group;
v. an investigation into significant correlations between elements within each 
matrix revealed an antagonistic relationship, namely:
- zinc and lead in blood serum (P = 0.05), lead is known to replace zinc 
in the enzyme 8-aminolaevulanic acid, which is necessary for haem 
synthesis (G oyer, 1995);
vi. an investigation into significant correlations between elements within each 
matrix revealed some synergistic relationships, namely:
- iron and selenium in follicular fluid (P = 0.001), it is reported that a 
deficiency in iron affects the absorption of selenium (G ro ff and  
G ropper, 1995);
- iron and copper in follicular fluid (P = 0.001), this relationship is 
explained by the copper-containing caeruloplasmin acting as a 
ferroxidase;
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- copper and selenium in follicular fluid (P = 0.001), a deficiency in 
copper has been shown to decrease the activity of selenium dependent 
glutathione peroxidase (O lin  et al., 1994);
- zinc and manganese in endometrial fluid (P = 0.001), no elemental 
correlations have previously been reported in this media;
vii. age did not affect the levels of trace elements determined in each matrix;
viii. no significant correlations were observed between the level of the trace 
elements in blood serum, follicular fluid, endometrial fluid and scalp hair;
ix. raised levels of cadmium (although not significant) were observed in the 
blood serum of smokers in comparison with non-smokers.
This study used a novel media for trace element analysis, namely endometrial fluid. Only 
the trace elements zinc and manganese were detected, their concentrations were of a 
normal distribution and appeared to be positively correlated at a significance level of 99.9 
%  (P = 0.001). However, the method of sample collection, as described in section 2.4.4, 
is very invasive and no correlations were observed with the level of elements in other 
media, as a result the usefulness of this media for trace element analysis is questionable. 
Correlations between elements in scalp hair and other media were not observed either, so 
in despite of the ease in which scalp hair can be collected, its use as a diagnostic marker 
for infertility following trace element analysis is also dubious. This is discussed further 
in section 6.5, where considerations for future work in this area of research are addressed.
Tables 3.7 and 4.10 show that selenium levels are significantly higher (P = 0.001) in the 
blood serum of control rather than infertile subjects. This reiterates the importance of 
selenium in proper reproductive performance that has previously been described in the 
literature (B arrington  et al., 1996, P aszk ow sk i et al., 1996, R aym an, 2000). As a 
result, an investigation was carried out into the effectiveness of various forms of selenium 
supplements in raising both the total level and species of selenium in human body fluids 
and is discussed in the next chapter.
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5.0 Introduction
Selenium is an essential element and a key component of a number of functional 
selenoproteins that are required for normal health. A  deficiency in selenium can lead to a 
loss of immunocompetence; the occurrence, virulence or progression of some viral 
infections; increased risk of miscarriage; male sub-fertility; depression and cancer 
mortality (R aym an, 2000).
Most European soils are deficient in selenium, so the current intake of selenium in 
Europe is falling. A  U K  reference nutrient intake (RNI) has been set as 75 pg for men 
and 60 pg for women per day. Current U K  daily intakes are about half of the RNI, 
suggesting sub-optimal enzyme activity (R aym an, 2000). The following questions arise: 
should we be supplementing our diet with selenium? And if so, which form of selenium? 
As discussed in section 1.4.3.1, each form of selenium, of which there are many, takes a 
veiy different metabolic pathway within the body (Figure 1.3).
An investigation into the effect that the consumption of different forms of selenium has 
on both the total elemental level and on the species of selenium present within various 
biological fluids was undertaken. There were five subjects, four males and one female. 
Each subject consumed 200 pg selenium per day before breakfast (after overnight 
fasting). This dosage level (despite being more than twice the RNI) has been used in 
previous supplementation studies, for example, the “Prevention of Cancer by Intervention 
with Selenium” (PRECISE) and the “Selenium and Vitamin E Cancer Prevention Trial” 
(SELECT) (R aym an, 2000). It was also hoped that this level of supplementation would 
provide detectable levels of selenium in the biological fluids that were to be analysed by 
inductively coupled plasma mass spectrometry (ICP-MS). Selenium was provided in a 
natural form (brazil nuts) and in commercial nutritional supplement form 
(selenomethionine and two different commercial forms of selenium yeast). One male 
subject consumed a supplement that is only commercially available in the United States, 
namely selenomethylselenocysteine (SMSC); this section of the study was unfortunately 
not completed but some results are presented.
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5.1 Selenium and its Metabolism within the Human Body
The total body content of selenium is estimated to be between 13 - 20 mg (O ’D ell and  
Sun d e, 1997). Its abundance and distribution throughout the body is dependent on the 
tissue specific expression of selenoproteins, selenium nutritional status and chemical 
form of the element in the diet (P atch in g  and  G ardiner, 1999). Selenium is therefore 
found in many different forms within the human body as indicated in Table 5.1.
Table 5.1: Some of the selenium species present in the human body.
Species Chemical formula
Selenate SeOt2'
Selenite SeOj2'
Trimethylselenonium (TMSe+) (CH3)3Se+
Selenomethionine C H 3ScCH2C H 2CH(NHj+)COO-
Selenocysteine ‘SeCH2CII(NH3' )C,00‘
Selenocystine "OOCCH(NH3+)CH2SeSeCH2CH(NH3+)COO'
Selenocystathionine •OOCCH(NH3+)CH2SeCH2C H 2CH(NH3+)COO‘
Selenomethylselenocysteine CHsSeCHjCHCNHs^COO'
Selenomethylselenomethionine C H 3Se+(CH3)CH2C H 2CH(NH3)COO'
Selenohomocysteine 'SeCH2C H 2CH(NI I ^ C O O ’
y-glutamyl-Se-methyl-Se-cysteine ■OOCCH(NH34)CH2C H 2CONHCH(COO')-
C H 2SeCH3
y-glutamyl-Se-cystathionine ■OOCCH(NH3+)Cri2C H 2CONHCH(COO-)-
C H 2SeCH2C H 2CH(NH3+)COO'
Nearly all selenium in animal tissue is associated with protein. Several protein-bound 
forms have been identified, but only one, selenocysteine encoded by a U G A  codon in 
messenger ribonucleic acid (mRNA) has been shown to be specific for the element and to
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be regulated physiologically. Proteins containing this form of selenium are referred to as 
selenoproteins (B u rk  and  H ill, 1993). Other types of protein-binding of selenium are 
recognised but they lack specificity and are frequently related to the chemical similarities 
between selenium and sulphur. These are known as selenium-containing proteins and 
selenium-binding proteins (B u rk  and  H ill, 1993). Five selenoproteins have been 
characterised to the extent of cloning their deoxyribonucleic acid (DNA) and determining 
their sequences. These are:
• cellular glutathione peroxidase (cGSH-Px);£
• extra-cellular glutathione peroxidase (eGSH-Px);
• phospholipid hydroperoxide glutathione peroxidase (phGSH-Px);
• type I iodothyronine 5’-deiodinase (T45’D);
• selenoprotein P (Se-P).
The three forms of glutathione peroxidase are structurally, kinetically, immunologically, 
electrophoretically and genetically different (D aniels, 1996). They all have a common 
function in that they protect against free radical damage. cGSH-Px is found in virtually 
all cells, but its specific activity varies greatly between species and tissues. Its presence 
in the liver and red blood cells is particularly important as it regulates intra-cellular 
hydroperoxide concentrations (P atch in g  and G ardiner, 1999). eGSH-Px is synthesized 
in the kidney and lung and regulates extra-cellular hydroperoxide concentrations (B u rk  
and  H ill, 1993). eGSH-Px activity has been shown to preferentially recover when 
compared with cGSH-Px following selenium repletion of deficient subjects, suggesting it 
performs a more important function (A vissar et al., 1989). phGSH-Px reduces 
membrane-bound hydroperoxide derivatives of phospholipids. The biosynthesis of this 
enzyme is preferentially maintained compared to other GSH-Px during selenium 
deficiency (A rthur, 1994). T45’D  converts thyroxine to triiodothyronine for thyroid 
function. Se-P is a plasma protein and is the only selenoprotein characterised so far that 
has more than one selenocysteine per polypeptide chain. It acts as a free radical 
scavenger.
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The availability of selenium regulates these selenoproteins - a deficiency of selenium 
causes a reduction in the levels of selenoproteins. However, as mentioned this decrease 
is not uniform as some selenoproteins are maintained better than others (B u rk  and H ill, 
1993). The selenium supply to the brain, endocrine and reproductive organs is 
maintained as far as possible at its optimum level. The synthesis of selenoproteins such 
as T45’D  take preference (A rth u r et al., 1990) with tissues such as the heart, skeletal 
muscles and blood appearing to be least preferred (B ehne et al., 1995). In all tissues the 
GSH-Px appear to be the most dispensable since their levels are the first to decrease 
during insufficient selenium intake. This decrease may lead to more selenium becoming 
available for the synthesis of selenoproteins that are more important to survival.
Blood plasma and serum levels serve as an indicator of recent selenium status, that is, 
dietary intake. Erythrocytes (which have a 120 day life span) accumulate the element 
(R ob b erech t and  D eelstra, 1994). Therefore, the measurement of glutathione 
peroxidase in erythrocytes should not be used as an indicator of immediate selenium 
status. Measurements of selenium in plasma and cells showed variations over different 
time periods, indicating that relatively large changes can occur within short-time periods. 
However, changes in cell content tended to parallel changes in plasma content (D ickson  
and T om bnson , 1967).
The measurement of chemical forms and quantities of selenium in urine are also of 
interest as they may reflect the selenium status of the body, either as a detoxified form or 
as a metabolite of an essential chemical form. Several unknown species have been seen 
in urine (S b ib ata  et al., 1992) but the presence of the major methylated metabolite of 
selenium - trimethylselenonium ion (TMSe4} has been identified. However, TMSe+ is 
not observed in the urine of a person on a normal diet because it is only excreted in the 
urine when the daily intake exceeds the daily requirement (M unoz-O livas et al., 1996). 
There does not appear to be a direct relationship between the total selenium ingested and 
the TMSe+ level in urine.
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Several factors influence selenium levels within the human body, namely age, gender, 
smoking, alcohol and nutrition. Selenium levels are reportedly lower in infants, the 
elderly and alcohol drinkers (R ob b erech t and D eelstra, 1994). In relation to gender and 
smoking there have been conflicting reports written about selenium levels. Some authors 
found no correlations between selenium levels and gender (M cA d am  et ah, 1984, 
D u b ois et al., 1990, M arano  et al, 1991, M alvey  et al., 1993). However, it was 
reported that race and hormonal status may have affected the results (M cA dam  et al., 
1984, M arano et al., 1991). Conflicting reports have also been printed with regard to 
smoking activity, in that some claim smoking has no affect on selenium status (C h ow  et
it
a l, 1986, Sw anson  et al, 1990), whilst others report that smokers have lower selenium 
levels (L loyd et al, 1983). Other factors such as body weight, social class, diurnal 
rhythm, altitude, geography, supplements, pregnancy, lactation, medical treatments and 
environmental exposure could also alter selenium status (R ob b erect and  D eelstra,
1993). Above all, it is nutrition that is overwhelming in its influence on selenium status.
Most of the selenium within the body is obtained through the diet. The form 
selenomethionine exists as 50 %  or more of the selenium found in cereals and soya beans 
(R ob inson , 1988). Selenite occurs in some plant foods and selenocysteine exists in 
animal cells. A  wide variety of selenium supplements are also now commercially 
available, such as selenomethionine, selenite or selenium enriched yeast. Selenium yeast, 
in the form of sacchromyces cerevisiae, has been reported to assimilate up to 3000 pg g"1 
selenium (Schrauzer, 2000). Yeasts can contain a variety of selenium compounds 
including selenomethionine, selenocystine, selenoglutathione, selenodiglutathione, 
selenocystathionine, methylselenocysteine, y-glutamylselenomethylselenocysteine, 
selenoadenosylselenohomocysteine and inorganic selenium (Schrauzer, 2000).
All of these forms of selenium have different bioavailabilities because of their different 
metabolic pathways within the human body. Selenium has a highly specific and dynamic 
metabolism centred around its incorporation as selenocysteine into selenoproteins. 
Selenite and selenomethionine are the two main dietary forms and they follow completely
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different metabolic pathways within the body, as was shown in Figure 1.3 (Schrauzer, 
2000).
Kinetic modelling experiments have shown that the selenite and selenomethionine have 
different absorptions within the human body, namely 84 %  and 98 %, respectively 
(O ’D ell and  Sunde, 1997). Ingested selenomethionine is absorbed in the small intestine 
via the Na+-dependent neutral amino acid transport system. Any selenomethionine that is 
not immediately metabolised is incorporated into organs with high rates of protein 
synthesis, such as skeletal muscles, erythrocytes, pancreas, liver, kidney, stomach andc
gastrointestinal mucosal (Schrauzer, 2000). The human body cannot distinguish 
between selenomethionine and the sulphur amino acid methionine; hence 
selenomethionine is incorporated into the protein in place of methionine and has no 
selenium-related function. Selenium can be released and utilised in specific selenium 
pathways when selenomethionine is catabolised. Selenomethionine can be metabolised 
to selenocysteine by the transulphuration pathway. However, the resultant selenocysteine 
is catabolised by selenocysteine p lyase and does not serve as a form of selenocysteine 
for specific incorporation into proteins (Schrauzer, 2000). The whole body turnover of 
selenomethionine is approximately two times longer than that of selenite due to 
reutilisation (Sw anson  et al., 1991). The concern of toxicity due to the incorporation of 
selenomethionine into body proteins is not warranted, as a steady state is established 
which prevents the uncontrolled accumulation of selenium (Schrauzer, 2000).
Selenite via selenodiglutathione (GS-Se-SG) forms hydrogen selenide (H2Se) (a key 
metabolite) through reduction by thiols and NADPH-dependent reductases. H 2Se then 
provides selenium for synthesis of selenoproteins after activation to selenophosphate 
(G an th er, 1999). Selenite and selenate are therefore useful for selenoprotein 
biosynthesis, but it is only selenomethionine that is incorporated into body proteins. This 
allows selenium to be stored in the organism and reversibly released by normal metabolic 
processes, thus offering an advantage over other selenium compounds (Schrauzer, 
2000).
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With a high intake of selenite or selenomethionine, the levels of methylated metabolites, 
including methylselenol, dimethylselenol (DMSe) and TMSe+ are expected to rise. 
These methylation processes are major pathways in the metabolism of selenium and are 
detoxification processes involving the reduction of highly toxic selenium compounds to 
volatile, less toxic forms. For instance, DMSe is considered to be 500 times less toxic 
than selenite (T hom son , 1998). However, demethylation can occur back to inorganic 
selenium. The monomethylated forms of selenium have emerged as a critical class of 
selenium metabolites having powerful effects on carcinogenesis, whilst lacking some of 
the toxic effects produced by other selenium forms (G anther, 1999).
It is this difference in both metabolism and absorption of the various forms of selenium 
that has contributed to the increased interest in selenium supplements and especially the 
different forms of selenium found within them.
5.2 Selen ium  Supplem ents used  w ith in  th e S tudy
Five different supplements were investigated during this study. Each was used to 
contribute a dose of200 pg selenium per day:
• brazil nuts, 4 per day*;
• selenium yeast, (Holland and Barrett, HB), 1 tablet per day;
• selenium yeast, (Higher Nature, HN), 1 tablet per day;
• selenomethionine (Se Met), 1 tablet per day;
• selenomethylselenocysteine (SMSC), 2 tablets per day.
* The calculation for the brazil nuts was based upon the National Institute of Health 
report which stated 25 g brazil nuts gives 840 pg selenium, therefore, approximately 6 g 
of brazil nuts is required which equates to approximately 4 nuts per day.
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5.2.1 Food diaries
Food diaries were kept and monitored throughout one week prior to the start of the trial 
and throughout all of the weeks during the trial. This was carried out in order to ensure 
that an excess of selenium was not consumed during the trial period as a result of normal 
diet. These diaries were not assessed by normal dietetic methods; they were simply 
checked to ensure that a similar food intake was being maintained throughout the trial 
period.
t
5.3  Sam p le C ollection
All of the samples were collected using the standard procedure for each fluid as discussed 
in section 2.4.
5.3.1 Blood serum
Three blood samples were taken from each subject, a blank (when zero supplements had 
been consumed) and two samples during the trial on days 10 and 28 corresponding to the 
consumption of 10 and 28 supplements.
Blood was collected at Hammersmith Hospital, London using a BD  vacutainer™ 
(Becton, Dickinson and Company, Rutherford, NJ, USA). Each subject provided up to 5 
x 6 m L  vacutainers of blood. The vacutainers were then centrifuged at 3500 rpm for ten 
minutes in order to obtain blood serum. The blood serum from each subject was then 
decanted into 2 x 15 mL  labelled Elkay® conical centrifuge tubes that have metal free 
polypropylene caps (Elkay Precision Laboratory Consumables, Shrewsbury, MA, USA). 
The tubes were transferred in a cool box back to the laboratory and stored at ca. - 20 °C.
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5.3.2 Seminal plasma
Three seminal plasma samples were collected, namely on day 0, day 14 and day 28, 
corresponding to the consumption of 0, 14 and 28 supplements. A  standard collection 
procedure was followed as described in section 2.4.3.
5.3.3 Urine
j
All samples were collected mid-stream directly into 25 mL  Sterilin™ (Bibby Sterilin 
Ltd., Staffs, UK) and stored in a refrigerator at ca. 4 °C. During week one of the trial, the 
first clearance was collected before the supplement had been consumed (bs). In week 
two, the first clearance was collected again but another sample was also collected 
approximately two hours after the supplement had been consumed (as). In weeks three 
and four, one sample was collected (on the first day of the week) during the first 
clearance.
5.4 Sample Preparation
Total elemental and speciation analysis required different methods of sample preparation.
5.4.1 T otal elemental
For the total elemental analysis, two forms of sample preparation were performed. A  
simple dilution of the samples was carried out for pneumatic solution nebulisation 
inductively coupled plasma mass spectrometry (PSN-ICP-MS) analysis and an open 
vessel acid digestion procedure was performed for hydride generation (HG) ICP-MS 
analysis.
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5.4.1.1 Dilution
The optimal 1 in 10 fold dilution with 1 % (v/v) H N O 3 (Aristar™) reported in section 2.7 
was applied to all blood serum, seminal plasma and urine samples.
5.4.1.2 Digestion
For selenium analysis by HG-ICP-MS, a digestion procedure was performed that ensureda
the selenium was released from the selenoproteins and that it was present in the form of  
Se4+. The digestion procedure was as follows: 2 mL concentrated HNO3 (Aristar™) was 
added to 0.5 mL sample and taken to 140 °C over 15 minutes; the solution was held at 
that temperature for 25 minutes and then allowed to cool. 0.5 mL H2SO4 (Aristar™) and 
0.2 mL HCIO4 (Aristar™) were added and the solution was taken to 140 °C over 15 
minutes and held for 15 minutes. A further series o f temperature programmes were 
performed; the solution was ramped to 200 °C over 10 minutes, held for 15 minutes; 
ramped to 250 °C over 10 minutes and held for 15 minutes; ramped to 310 °C over ten 
minutes and held for 20 minutes. The resultant digest solution was then allowed to cool. 
After cooling, 10 mL 17.5 % HC1 (Analar™) was added, the temperature was ramped to 
90 °C over 10 minutes, held for 20 minutes and allowed to cool again. The solutions 
were then transferred to 50 mL polypropylene flasks, diluted to 50 mL with double 
distilled deionised water (DDW) and stored in the fridge at ca. 4 °C until analysis by HG- 
ICP-MS was performed (Rayman, 1996).
5.4.2 Speciation
No sample preparation was performed on the samples that were to be analysed for their 
selenium species content. Blood serum, seminal plasma and urine were injected straight 
onto the chromatography column. This was to ensure that there was no alteration o f the 
species or contamination/ loss o f the sample.
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Four trace elements, namely selenium, iron, copper and zinc were determined using PSN- 
ICP-MS. Selenium was also determined by HG-ICP-MS. These methods were used to 
analyse the blood serum, seminal plasma and urine samples.
5.5.1 Blood serum
All blood serum samples were analysed using PSN-ICP-MS and HG-ICP-MS. Quality 
control was ensured (as described in section 2 . 1 0 ) through the analysis of a certified 
reference material (Seronorm™ Trace Element Serum, Lot 704121) and two “in-house” 
reference materials, namely pooled blood serum and TMDA-54.2, Lot 1298 (Reference 
Water). The results showed good agreement with the certified values. For example, the 
certified value (and range) for selenium in Seronorm™ Trace Element Serum (Lot 
704121) is 80 (70 -  92) mg L-1. The determined values for PSN-ICP-MS and HG-ICP- 
MS (based on n = 3) were 76.1 ± 7.2 mg L"1 and 79.3 ±4.1  mg L'1, respectively. The 
results obtained for selenium using HG-ICP-MS will be presented, because the measured 
value and precision obtained for the certified reference material are slightly better. HG- 
ICP-MS also offers better sensitivity and detection capabilities (section 2.2.2.1). The 
actual limit o f detection calculated for selenium when using HG-ICP-MS was 0.1 pg L' 1 
as opposed to 2.1 pg L"1 when using PSN-ICP-MS analysis (section 2.9.1).
The effect of supplementation on the selenium levels in blood serum is shown in Figure
5.1. The total selenium level determined within the blood serum samples collected on 
days 0 , 1 0  and 28 o f the trial (corresponding to the consumption of 0 , 1 0  and 28 
supplements) are presented.
5.5 Total Elemental Analysis
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Figure 5.1: Total selenium levels in blood serum on days 0, 10 and 28 as a result of 
supplement consumption.
These results indicate that the total selenium in blood serum continually increased over 
the trial when brazil nuts and SMSC were being consumed. Selenium yeast (HB) caused 
an increase and then a decrease over the trial period. However, the final selenium 
concentration was still higher than the initial selenium concentration (day 0 ). 
Selenomethionine caused an increase and then a decrease but the final selenium 
concentration was in fact lower than that observed at the start of the trial. This could be 
as a result of the fact that blood is used as a transport medium. The decrease in blood 
serum selenium could be due to the rapid incorporation of selenium into tissue proteins 
through the replacement of methionine (Moser-Veillon et at., 1992). Selenomethionine 
is reported to be absorbed more rapidly and to a greater extent than any other species via 
this process. It is also reported that selenomethionine is retained to a greater extent than 
other dietary species, which are absorbed in a passive manner and eventually 
incorporated specifically and stoichiometrically as selenocysteine in true selenoproteins 
(Thomson, 1998). The bioavailability of the selenium in the supplements also needs to 
be considered, as that would affect the level of selenium that was available to the body 
(section 5.7).
Other elements were measured by PSN-ICP-MS; the results are shown in Table 5.2.
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Table 5.2: Trace element levels in blood serum on days 0, 10 and 28.
Element Day Brazil nuts Se-yeast (HB) Se-yeast (HN) Se Met
Fe 0 2.45 2.28 2.32 1.80
(mg L'1) 1 0 2.06 2 .0 1 1.80 1.78
28 3.34 1 .6 8 1.94 1.84
Cu 0 0.91 0.79 0 .8 6 0.73
(mg L"1) 1 0 0.84 0.70 0.74 0.71
28 1 . 1 1 0.79 0.87 0.77
Zn 0 0.67 0 .8 6 0.98 0.76
(mg L'1) 1 0 0.60 0.78 0.90 0.90
28 0.71 0.80 1.04 0.87
Based on the “normal” range of iron, copper and zinc in blood serum reported in the 
literature (shown in Table 1.2), the results obtained in this study appear to be higher in 
iron and lower for some values o f zinc and copper. However, the levels o f these key 
elements do not appear to have been adversely affected as a result o f the supplementation 
with 2 0 0  pg selenium per day.
5.5.2 Seminal plasma
HG-ICP-MS was used to determine the level o f selenium in each o f the seminal plasma 
samples. As can be seen in Figure 5.2, one result is missing from the selenomethionine 
group; this is because there was not enough of the sample left for total elemental analysis 
after the speciation analysis had been performed.
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Figure 5.2: Total selenium levels in seminal plasma on days 0, 10 and 28 as a result of the 
supplement consumption.
All values are within the “normal” range of selenium (21 -  191 pg L'1) reported to be 
present in seminal plasma (Stovell, 1999). Figure 5.2 shows that for all of the 
supplements, an overall increase in total selenium levels within the seminal plasma has 
occurred. Selenomethionine caused the largest overall increase; this could be because the 
body more readily absorbs this form than other forms of selenium (as mentioned in
5.5.1).
5.5.3 Urine
When intakes of selenium are normal, urine plays a major role in the homeostasis of 
selenium levels and there is a strong correlation between selenium intake and total 
urinary excretion (Daniels, 1996).
The changes in the selenium levels within the urine samples as a result of the 
consumption of the supplements over the course of the trial are shown in Figure 5.3.
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Figure 5.3: Total selenium levels in urine over 28 days as a result of supplement 
consumption*.
Urinary excretion of selenium is reportedly lower when supplementation is with an 
organic rather than an inorganic form of selenium (Daniels, 1996). Renal clearance of 
selenomethionine compared to selenite has been shown to be ~ 23 % versus 60 % over 24 
hours and 11 % versus 17 % over 12 days, respectively (Robinson et al., 1985, Swanson 
et al., 1991). In Figure 5.3 the selenium excretory levels from the subject consuming 
selenomethionine does appear to be generally lower than the urinary levels from 
individuals consuming the two yeast supplements, particularly the selenium yeast (HB). 
This would indicate that the selenium species content of the selenium yeast supplement 
(HB) could be inorganic, although this will be discussed further in section 5.7.
From day seven to day fourteen of the trial, two urine samples were collected; one as 
usual before the supplement was consumed (bs) and one from the first clearance after the 
supplement had been consumed (as). Figures 5.4 -  5.8 show the results. Missing values 
are unfortunately due to a sample not being collected on that occasion. It should be 
stressed that each figure has a different scale on the y -  axis, so care should be taken 
when visually comparing the data.
A value o f 313.2 jig L '1 obtained on day 11 from the subject consuming selenomethionine has been 
removed so the lower values can be observed clearly.
—♦— BN
—■— Se Yeast (HB)
Se Yeast (HN)
—*  Se Met
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Figure 5.4: Comparison of selenium levels in urine before and after consumption of brazil 
nuts (equating to 2 0 0  pg selenium).
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Figure 5.5: Comparison of selenium levels in urine before and after consumption of 
selenium yeast (HB).
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Figure 5.6: Comparison of selenium levels in urine before and after consumption of 
selenium yeast (HN).
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Figure 5.7: Comparison of selenium levels in urine before and after consumption of 
selenomethionine.
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Figure 5.8: Comparison of selenium levels in urine before and after consumption of 
SMSC.
According to the literature, the “normal” levels of selenium in urine are 10 -  160 pg L' 1 
(Iyengar, 1987, Versieck and Comelis, 1989). The values obtained in this study are all 
within the “normal” range apart from some values obtained from the subject who was 
consuming selenomethionine. Values higher than the “normal” range were observed in 
the urine samples that had been collected after the supplement had been consumed, which 
is to be expected. The amount o f selenium excreted in the urine is said to depend on both 
the size of the dose and the selenium status of the subject (O’Dell and Sunde, 1997). In 
this trial, the size of the dose was uniform throughout at 2 0 0  pg selenium per day.
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However, the selenium status o f each subject at the start o f the trial would have been 
different. Another explanation for the variability is the duration o f the time that a 
particular form of selenium spends within the human body. As previously mentioned, 
supplementation with selenite (in comparison to selenomethionine) results in increased 
levels of selenium in the urine (Daniels, 1996). Another example using isotopic tracer 
studies showed that it took twelve days following ingestion of selenomethionine for 15 % 
of the dose to be released in the urine. This was calculated by the percentage rate for that 
route relative to all other possible routes, for example, absorption or excretion in faeces 
(O’Dell and Sunde, 1997). However, the main point is the timing o f the collection of
t
the first clearance after the consumption o f the supplement. Urinary excretion curves 
have been reported to reach a maximum at about 5 hours after ingestion of a dose of 74Se 
(Janghorbani et al.f 1982), although others reported a maximum of 2 hours after the 
ingestion of a dose of 75Se (Thomson and Stewart, 1974). There could have been a 
variation in the collection time between each subject and also the collection time on the 
different days for each subject, despite a collection protocol having been stipulated as 
shown in section 5.3.3. Future studies should consider using 24 hour sample collection, 
as this would eradicate this problem and remove other variables such as the volume o f  
water that had been consumed by each subject.
5 .5 .4 Selenium content o f supplements
An acid digestion procedure was performed on each of the supplements (section 5.4.1.2) 
so as to ensure that all o f the selenium was released from the seleno-complexes and that 
the selenium present was in the form of selenite. This allowed the determination of 
selenium by HG-ICP-MS (Rayman et al., 1996). This was performed so the level o f  
total selenium within the commercial supplements could be measured and a comparison 
made to the level stated on the label. Table 5.3 shows the levels of selenium (pg) 
determined per gram of supplement. This along with the weight (g) o f supplement that 
was consumed daily was then used to calculate the amount o f selenium (pg) that was 
actually consumed daily. The weight of the supplement was determined through ten
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weighings of the daily dose of tablets and the coefficient of variation (CV %) is 
presented.
Table 5.3: Total selenium levels within the commercial supplements.
Supplement Calculated 
level of 
selenium 
(fig g'1)
Mass in g of 
supplement 
consumed per day 
(CV %)A
Calculated amount 
of selenium 
consumed per day 
(Pg)
Amount o f  
selenium 
stated on 
label (pg)
Brazil Nuts 0.04 10.81* (6 .0 1 ) 0.47 2 0 0 *
Se Yeast (HB) 396.5 0.62 ( 1 .0 2 ) 247 2 0 0
Se Yeast (HN) 661.4 0.37 (1.45) 244 2 0 0
Se Met (HN) 446.3 0.37 (3.39) 164 2 0 0
SMSC 313.0 0.79 (3.32) 246 2 0 0
* Details from National Institute o f Health (4 nuts = 200 pg selenium) 
An = 1 0
Total selenium analysis using acid digestion and HG-ICP-MS shows that the brazil nuts 
contain low levels of selenium, which is surprising and disappointing, as brazil nuts have 
always been considered a valuable source o f selenium (Fairweather-Tait, 1997, 
Rayman, 2000). However, it is known that the level o f selenium in food products is 
highly dependent on the level of selenium in the soil where they were grown. It has 
recently been reported that there is a great difference in the level o f selenium within the 
soil o f different regions o f Brazil (Martens-von Salzen et al., 2002). The likely 
explanation is that these particular nuts are from a region o f Brazil that has a low level o f  
selenium in the soil. It is unfortunate that the analysis o f the supplements was performed 
after the total and speciation analysis, or the consumption levels of selenium for the 
subject consuming brazil nuts could have been increased during the trial. It does however 
help to explain some of the low results that have been obtained for both the total (section
5.5.1) and species levels o f selenium (section 5.6) for this subject.
221
5.6 Selenium Speciation Analysis
There is limited knowledge o f the selenium species present within human body fluids, 
especially those that are as a result o f the consumption o f a particular species. Speciation 
analysis is essential as certain species have different metabolic pathways and the 
bioavailabiMty and toxicity o f selenium depends on the form of selenium that has been 
ingested (Ganther, 1999).
$
Speciation o f selenium compounds has been carried out within a large variety of matrices 
such as yeasts (Bird et a l, 1997), environmental material (Munoz-Olivias et a l, 1994), 
human body fluids (Whanger et a l, 1994, Thomson, 1998) and nutritional supplements 
(Sarzanini and Mentasti, 1997, Marchante-Gayon et a l, 2000). This has been 
completed through the combination o f the powerful separating technique - high 
performance liquid chromatography (HPLC) with the specific detector - inductively 
coupled plasma mass spectrometry (ICP-MS).
Several chromatographic techniques, such as ion-pair, reverse-phase and ion-exchange 
have been used to separate selenium species. Ion-pair chromatography with appropriate 
counter ions, has developed over the years due to its capacity for the simultaneous 
separation o f anionic, cationic and neutral molecules. The use of sodium 
pentylsulphonate as the counter ion has previously been used to separate 
selenomethionine, selenocystine and trimethylselenonium ion (Munoz-Olivias et a l,  
1996). Separation of six organic selenium compounds namely selenocystine, selenourea, 
selenomethionine, selenoethionine, selenocystamine and trimethylselenonium ion, along 
with the two inorganic species (selenite and selenate) was achieved using mixed ion-pair 
reagents containing sodium 1 -butanesulphonate and tetramethylammoniumhydroxide 
(Zheng et a l, 2000). Selenomethionine, selenocystine and selenoethionine were 
separated on a Cjs column using trifluoroacetic acid as the ion-pair reagent (Puskel et a l , 
1999). Ion-exchange HPLC utilises the pH dependent character o f species and allows the 
use o f a mobile phase with a high water content and a low content of organic solvents,
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aiding plasma stability. This technique was used to separate selenomethionine, 
selenocystine, selenite and selenate and then applied to a white clover CRM (Pedersen 
and Larsen, 1997). Ion-exchange methods have also been used to separate 
selenocystine, selenomethionine, methylselenocysteine, allylselenocysteine, selenite and 
selenate by an aqueous solution o f ammonium citrate (Ge et ah, 1996) and 
trimethylselenonium ion, selenocystine and selenomethionine using tartaric acid (Zheng 
and Kosmus, 1998). Reverse-phase has been used to identify selenocystine and 
selenocystamine in the eggs o f seagulls after extraction with a mixture of methanol and 
water (Jakubowski et a l, 1998).
In this research, ion-pair was the main form of chromatography that was developed for 
the separation o f the selenium species and this was coupled with ICP-MS for detection. 
The analysis of selenium by ICP-MS was previously limited because of the spectral 
interferences on the six selenium isotopes resulting from the existence of various 
polyatomic argon ions (section 2.2.2.5). However, through the use o f an ICP-MS 
instrument containing a hexapole with collision and reaction cell technology, selenium 
can be determined at sub-part per billion levels (Turner et a l, 1997). This is as a result 
of the reduction o f the polyatomic argon ions through thermalisation and gas phase 
reactions, as shown in equations 2.8 -  2.10 (Feldmann et a l, 1999).
5.6.1 Analytical methodology for selenium speciation analysis
Speciation analysis was performed at Micromass UK Ltd., Wythenshawe using a 
Micromass Platform™ ICP-MS with a concentric nebuliser and collision cell technology. 
The HPLC unit was a Waters Alliance 2690 separations module (Waters Corporation, 
Milford, MA, USA). An analytical Symmetry C% column (100 x 2.1 mm id) (Waters 
Corporation, USA) together with a Symmetry Cg guard column (10 x 2.1 mm id) was 
used for ion-pair chromatography. In both cases, the stationary phase consists o f  
dimethyloctadecylsilylbonded amorphous silica particles o f 3.5 pm diameter. The 
analytical column was connected to the nebuliser using polyether ether ketone (PEEK) 
tubing. The developed operational chromatographic conditions were obtained from the
223
literature (Marchante-Gayon et al., 2000) and adapted slightly as a different column was 
being used. The conditions that were used are summarised in Table 5.4.
Table 5.4: HPLC system and ion-pair chromatography conditions.
Ion-pair chromatography Conditions
Column
HPLC
Mobile phase
Solvent delivery rate 
Sample volume
Waters Symmetry Cg, 100 x 2.1 mm id, 3.5 pm 
Waters 2690 separations module 
30 mM ammonium formate, 10 mM 
tetrabutylammoniumhydroxide (TBAH), pH 4.0 using 
acetic acid, 5 % (v/v) methanol, isocratic mode 
0.4 mL min' 1 
1 0  pi
The mobile phase for the ion-pair chromatography (30 mM ammonium formate) was 
prepared by dissolving solid ammonium formate (BDH Ltd, Poole, UK) and 10 mM 
tetrabutylammoniumhydroxide (Fluka, Gillingham, UK) in water (Fischer, HPLC grade, 
Fischer Scientific UK, Loughborough, UK). The pH was adjusted to pH 4.0 using acetic 
acid (Fluka) and then 5 % (v/v) methanol (Fischer, HPLC grade) was added. All 
chemicals were o f analytical grade.
The operational conditions resulting from optimisation o f the Platform™ ICP-MS 
instrument (Micromass, UK Ltd.) are described in Table 5.5.
Table 5.5: Instrumental conditions for the Platform™ ICP-MS (Micromass, UK Ltd.).
Instrumental parameters Conditions Instrumental gas parameters Conditions
Nebuliser 
Hex bias 
Multiplier 
Forward power
Concentric 
0.2 V 
450 V 
1500 W
Cool gas 
Intermediate gas 
Nebuliser gas 
Collision gas (He) 
Reaction gas (H2)
13.43 L min' 1 
1.20 L min' 1 
0.72 L min' 1 
5.4 mL min' 1 
3.0 mL min' 1
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Through the coupling of the ion-pair chromatography method with the optimum 
instrumental parameters established for the Platform™ ICP-MS, separation of six 
selenospecies (selenocystine, selenomethionine, selenoethionine, selenocystamine, 
selenite and selenate) was achieved. This separation of each species and their retention 
time (tr) is presented in Figure 5.9.
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Figure 5.9: Separation of selenium species by ion-pair HPLC-ICP-MS.
CLMS2 (Spex Cetriprep, USA) is a multi-element ICP-MS standard, which contained 10 
pg L' 1 selenium. Figure 5.9 illustrates the identification of the selenium species in the 
standard to be selenite. TMSe+ was also analysed but unfortunately it had a similar 
retention time (tr = 0.78 minutes) to that o f selenocystine (tr = 0.77 minutes).
Three selenium isotopes (78Se+, 80Se+ and 82Se+) were investigated. As shown in Figure 
5.10, when analysing a selenium sample an unknown species eluted at 4.00 min. This 
species was observed at masses 80 and 82 but not at 78 (or 76) amu. The fact that the 
signals at masses 80 and 82 amu were of equal height led to the conclusion that this 
species is BrH+. This observation clearly highlights the need to monitor all of the 
selenium isotopes to ensure that no interference peaks are erroneously reported as 
selenium.
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Figure 5.10: Chromatogram of 78Se+, 80Se+, 82Se+.
All peaks shown in future chromatograms have been verified as selenium through 
checking all o f the isotopes measured (78, 80 and 82 amu).
5.6.1.1 Limit o f  detection
The limit of detection (LOD) for each selenium species was determined whilst 
monitoring 78Se+ and was calculated using the full width at half maximum (FWHM) 
method. The resulting LOD (on the column) for each species was: selenite - 11.31 pg, 
selenate - 14.73 pg, selenoethionine - 4.38 pg, selenocystine - 5.41 pg, selenomethionine 
- 5.88 pg, selenocystamine - 7.32 pg and trimethylselenonium ion - 6.32 pg.
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5.6.1.2 Precision
In order to ensure the stability of the methodology and to verify that injections could be 
repeated with confidence, the precision (based on coefficient of variation, CV %) o f six 
injections of a single urine sample was investigated and the results are shown in Table 
5.6.
Table 5.6: Precision o f selenium levels determined through repeated injections o f a urine
$
sample.
Sample Peak 1 
(tr = 0.85 mins) 
Area
Peak 2 
(tr = 1.40 mins) 
Area
Concentration of 
selenium in 
peak 1 (pg L’1)
Concentration of  
selenium in 
peak 2 (pg L'1)
Selenium 7119 43873 32.6 2 0 1 . 1
yeast 7990 47415 36.6 217.3
(HB) 8413 47383 38.6 217.2
(Day 10) 8538 49585 39.1 227.2
8071 49235 37.0 225.6
8237 47927 37.7 219.6
Mean 36.9 218.0
CV (%) 6.3 4.3
The concentration was calculated through a one-point calibration using a 10 pg L' 1 
selenite standard. The peak area obtained for this standard equates to 10 pg L"1, this was 
then used to convert the peak areas o f the unknown peaks into concentrations. The 
reproducibility o f the selenium species in the urine samples was good, as a CV (%) o f 6.3 
% and 4.3 % (n = 6 ) was measured for the selenium species detected at tr 0.85 and 1.40 
minutes, respectively.
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5.6. 1. 3 Overcoming the limitations o f  selenium speciation analysis
In section 1.5.3, the limitations of speciation analysis were presented. Before the 
speciation analysis was performed, all o f these limitations were considered and 
addressed.
As this work was only concerned with a single element, a lot o f the issues were not of 
concern, especially as a multi-elemental compromise was not required for the 
experimental conditions. The analytical methodology was specifically developed to 
ensure that the performance characteristics (limit of detection, precision, speed) were 
optimised for selenium.
Maintaining the integrity of the chemical species throughout the sample collection and 
preparation was of paramount importance and as a result, a standardised collection 
procedure was implemented for each sample matrix (as described in section 2.4). The 
urine samples were also stored at ca. 4 °C, to slow down any reactions that could disrupt 
the complexes. It has been reported that as the amount o f sample preparation increases so 
to does the risk of alteration of the species (Vanhaecke and Moens, 1999). As a result, 
no sample preparation was performed; the samples were injected directly onto the 
column.
One issue that should be addressed more thoroughly in future work is the inter-person 
variability. As this was a pilot study, this issue was addressed by collecting a blank 
sample from each person before any supplements were consumed (day 0). Any changes 
as a result o f the consumption o f the supplements were deduced based on a comparison to 
that sample. However, in future it would be interesting to carry out a double blind cross 
over trial with one group consuming a placebo and the other group all consuming the 
same supplement, so an investigation into each supplement and its effect could be carried 
out more thoroughly.
228
5.6.1.4 Development o f  a quality contrvl method fo r  ion-pair
HPLC-ICP-MS speciation analysis
For quality control, certified reference materials are normally analysed (as described in 
section 2.10). However, for selenium speciation analysis, reference materials are only 
available that have been certified for total selenium rather than selenium species content. 
As a result, the use of only one chromatographic method for speciation analysis is 
extremely limited, especially when determination is based solely on retention time and 
reliable identification is required. In this research, despite ion-pair being the main 
chromatographic technique used, reverse-phase and ion-exchange chromatography were 
also used to achieve verification o f the identification of the known selenium species. The 
same HPLC unit was used as described for the ion-pair chromatography in Table 5.4. 
Table 5.7 shows the reverse-phase chromatography conditions and Table 5.8 shows the 
ion-exchange chromatography conditions.
Table 5.7: Reverse-phase chromatography conditions.
Reverse-phase
chromatography
Conditions
Column
Mobile phase
Solvent delivery rate 
Sample volume
Waters Symmetry 300 Ci8, 
150 x 3.9 mm id, 5 pm 
30 mM ammonium formate, 
5 % (v/v) methanol, pH 3.0 
0.4 mL min"1 
50 pl
Reverse-phase chromatography was used to separate four selenium species, namely 
selenocystine, selenocystamine, selenoethionine and selenomethionine.
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Table 5.8: Ion-exchange chromatography conditions.
Ion-exchange
chromatography
Conditions
Column 
Mobile phase 
Solvent delivery rate 
Sample volume
Waters IC-Pak HR, 75 x 4.6 mm 
10 mM ammonium bicarbonate, pH 10.6 with ammonia 
0.5 mL min 1 
1 0  pi
Ion-exchange chromatography was used to separate selenocystine, selenocystamine, 
selenoethionine, selenomethionine, TMSe+, selenite and selenate. Table 5.9 shows the 
retention times obtained for these species using both reverse-phase and ion-exchange 
chromatography.
Table 5.9: Retention times o f selenium species following separation by reverse-phase and 
ion-exchange chromatography.
Selenium species Retention time (mins) Retention time (mins)
observed following reverse- observed following ion-
phase chromatography exchange chromatography
TMSe+ - 1.04
Selenomethionine 5.46 2.83
Selenoethionine 10.16 3.51
Selenocystine 3.55 8.40
Selenocystamine 3.68 4.50
Selenite - 5.32
Selenate - 7.40
All future chromatograms and speciation results presented were obtained using ion-pair 
chromatography. However, these alternative forms of chromatography were used in an 
attempt to validate the presence o f the identified species in the leach extract samples 
(section 5.7.1.2).
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5.6.2 Selenium speciation o f blood serum by ion-pair HPLC-ICP-MS
Blood serum was injected directly onto the column for speciation analysis. Samples from 
each subject that had been collected on days 0 , 1 0  and 28 were analysed by ion-pair 
HPLC-ICP-MS. The chromatograms are shown in Figures 5.11 -  5.14.
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Figure 5.11: Speciation o f blood serum from subject who consumed brazil nuts.
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Figure 5.12: Speciation of blood serum from subject who consumed selenium yeast (HB).
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Figure 5.13: Speciation of blood serum from subject who consumed selenium yeast (HN).
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Figure 5.14: Speciation of blood serum from subject who consumed selenomethionine.
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In the blood stream, the likely selenium species to be observed are selenate (on its way to 
be passed to the urine), selenite and its associated H2Se, albumin-selenium and also 
methylated metabolites on their way from the liver to urine. Within the blood serum 
samples from the four subjects, a large selenium peak was observed for the subjects who 
consumed both selenium yeasts and the selenomethionine. This peak co-eluted with 
selenocystamine at a retention time (tr) o f 0.63 min. Since this time coincides with the 
solvent front, any non-retained species would also be observed at this time. As a result, it 
cannot be stated with confidence that this peak is selenocystamine. One species that it 
could possibly be is selenocysteine, this seleno-amino acid is integral in the metabolism
a
o f selenium; as it is this species that is incorporated into selenoproteins. It has been 
suggested that selenocysteine (H3N+CH(COO")CH2SeH) would elute prior to 
selenocystine (H3N+CH(COO')CH2SeSeCH2CH(COO')NH3), which currently elutes at a 
tr of 0.77 minutes, using this ion-pair methodology. It is interesting to note, that for all 
three subjects the intensity o f this peak increased with supplementation. It is possible 
therefore that the observed species represents a form of selenium transported in blood as 
a result of dietary intake. It may not necessarily be the same form that was present in the 
supplement but irrespective o f the form ingested, the absorbed selenium or a part of it has 
been converted into this detected species.
The levels of selenium detected in the blood serum of the subject who took brazil nuts (as 
shown in Figure 5.11) were negligible, indicated by the visible background noise in 
comparison to that obtained for other subjects (Figures 5.12 -  5.14). Diets were 
monitored both before and during the trial and no significant differences were observed 
in the selenium intake o f any o f the subjects, based on the repeatability of the foodstuffs 
consumed. Therefore, any difference in selenium levels was as a result o f selenium 
supplementation. The negligible values could be as a result o f the fact that it was the sole 
female subject who consumed the brazil nuts, could there be a difference in the 
absorption of selenium between genders? It has been reported that young white males 
had serum selenium levels significantly above the mean o f the toal population (McAdam 
et a l,  1984), although as discussed in section 5.1, the relationship between gender and 
selenium concentration is controversial. The negligible values o f  selenium in the blood
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serum of the subject who consumed brazil nuts are more likely to be as a result o f the 
poor levels of selenium in the particular brazil nuts obtained for this trial, as determined 
by HG-ICP-MS (section 5.5.4).
The second observed peak was extremely small and corresponded to the elution time of 
selenite (tr = 1 .7  mins). Selenite can originate from the supplements themselves or from 
the breakdown of other selenium species in the supplements once they have been 
ingested. Absorbed selenite is expected to rapidly undergo conversion in the red blood 
cells into H2Se (Figure 1.3) before being incorporated into albumin-selenium and 
transported to the liver. The relatively low changes in selenite levels for all of the 
subjects before, during and after the supplementation reflects not only the speed and 
efficiency o f this conversion but also the tight control the body exerts on this conversion.
It has been reported that measuring the total concentration o f the element is useful 
because it should equal the sum of all o f the elemental species present (Harrington, 
1999). In this case, the total selenium levels (Figure 5.1) did not equal the sum of the 
species determined to be present in the blood serum samples (Figures 5.11 -  5.14). The 
quantitative determination o f individual species (based on the methodology described in 
section 5.6 .1.2) appears to overestimate the levels of selenium. This is probably due to 
the fact that no reference materials are available so a one-point calibration has to be 
performed.
5.6.3 Selenium speciation o f seminal plasma by ion-pair HPLC-ICP-MS
All seminal plasma samples were injected directly onto the column. The samples were 
collected on days 0, 14 and 28 o f the trial. The analysis o f total selenium in these seminal 
plasma samples (Figure 5.2) indicated that selenomethionine caused the largest increase 
in selenium levels.
In a previous study, an increase in the total levels of selenium in seminal plasma was 
observed following supplementation (Scott et a l, 1998). The form of selenium used in
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this study was not stipulated and speciation analysis was not performed. However, the 
reported increase in total selenium is in agreement with this work.
As with the analysis of blood serum, a large unretained peak is obtained for seminal 
plasma, which increases over the course of the trial. Figures 5.15 -  5.17 show the 
speciation analysis of the seminal plasma from individuals who consumed 
selenomethionine, selenium yeast (HB) and selenium yeast (HN).
As with blood serum (section 5.6.2), a comparison was made between the total level of 
selenium measured in seminal plasma (Figure 5.2) and the sum of the selenium species 
present (Figures 5.15 -  5.17). However, in this case the opposite was found, namely the 
sum of the species was found to be lower than the total measured level in seminal plasma. 
This could possibly be as a result of the different species that blood serum and seminal 
plasma contain. Despite the results not matching quantitatively, the sum of the species 
did appear to follow the same increasing trend over the trial period.
SD1JA-030301-075 04-Apr-2001SIR of 4 Channels ES+
Figure 5.15: Speciation of seminal plasma from subject who consumed selenomethionine.
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04-Apr-2001SIR of 4 Channels ES+
Figure 5.16: Speciation analysis of seminal plasma from subject who consumed selenium 
yeast (HB).
SC3JA-030301-072 04-Apr-2001SIR of 4 Channel* ES+
yeast (HN).
236
5.6.4 Selenium speciation of urine by ion-pair HPLC-ICP-MS
Urine was injected directly onto the column for speciation analysis. Four urine samples 
from each subject were analysed:
• blank from day 0 ;
• day 1 0  first clearance before consumption of supplement (bs);
• day 1 0  clearance after consumption of supplement (as);
• day 28.
Two selenium species were generally observed within all o f the urine samples at a 
retention time (tr) of approximately 0.85 and 1.40 minutes as shown in Figure 5.18.
JAr030301-062 SIR of 4 Charm#* ICP-f
Figure 5.18: Speciation of urine from subject who consumed selenium yeast (HN).
Table 5.10 summarises the observed peak area and corresponding concentration of the 
detected selenium species in the urine samples from each of the subjects. As with the
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precision experiment, shown in section 5.6.1.2, the concentration was calculated through 
a one-point calibration using a 10 pg L"1 selenite standard. The peak area obtained for 
this standard equates to 10 pg L'1, this was then used to convert the peak area of the 
unknown peak into a concentration.
The relative peak area and concentration of the selenium species excreted in the urine as 
a result of the consumption of the different commercial supplements showed some 
interesting results, as shown in Table 5.10.
Table 5.10: Observed levels of selenium species in urine from all subjects.
Sample Signal A Signal B Concn A Concn B
tr = 0.85 mins tr = 1.40 mins (Pg L'1) (ftg L"1)
Brazil Nuts (Day 0) 3274 7059 15.0 32.4
(Day 10 bs*) ‘ 1686 1562 7.7 7.2
(Day 10 as*) 827 1559 3.8 7.1
(Day 28) 4418 6394 2 0 .2 29.3
Selenium yeast (HB) (Day 0) 2170 490 9.9 2 .2
(Day 10 bs) 7119 43873 32.6 2 0 1 . 1
(Day 10 as) 7624 72406 34.9 331.8
(Day 28) 9954 46191 45.6 211.7
Selenium yeast (HN) (Day 0) 3840 5606 17.6 25.7
(Day 10 bs) 3148 3666 14.4 16.8
(Day 10 as) 1764 1911 8 .1 8 .8
(Day 28) 3135 4972 14.4 2 2 .8
Selenomethionine (Day 0) 3554 1548 16.3 7.1
(Day 10 bs) 3717 14389 17.0 65.9
(Day 10 as) 8778 15719 40.2 720.1
(Day 28) 3982 71196 18.2 326.3
* bs/ as = urine sample collected before/ after consumption of the supplement.
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The relative levels o f selenium in the urine of the subjects who consumed selenium yeast 
(HB) and selenomethionine are as expected. However, the levels o f detected selenium 
species for the subjects who consumed brazil nuts and selenium yeast (HN) are 
considerably lower than expected. An increase in the concentration of the selenium 
species being excreted between day 0  and day 1 0  (caused by the commencement of the 
trial) was expected and this is observed in the urine from the subjects who consumed 
selenomethionine and selenium yeast (HB). There is also a measured increase between 
the sample collected before (bs) and about 2  hours after (as) the supplement had been 
consumed. This increase is substantial particularly for the second selenium species (tr =
1.40 mins).
When the total level o f selenium (Figures 5.3 -  5.8) is compared with the sum of the 
species present in the urine samples, it is found that they do not equal each other. 
Interestingly, contrasting results are observed. For selenium yeast (HB) the sum of the 
species is higher than the total level measured, whereas for selenium yeast (HN) the sum 
of the species is less than the total level measured. This indicates a difference in the 
selenium species present in these two commercial forms o f selenium yeast supplements.
The levels being excreted in the urine o f the subject who consumed brail nuts are very 
low and on reflection, this is probably due to the low levels of selenium in the brazil nuts 
that were being consumed (Table 5.3). Any selenium absorbed from the brazil nuts 
would be utilised by the body and a minimal amount excreted. The levels excreted by the 
subject who consumed selenium yeast (HN) are low, especially in comparison to the 
levels excreted by the subject who was consuming the other selenium yeast (HB) 
supplement (Table 5.10), despite the supplements containing similar levels of total 
selenium (Table 5.3). As mentioned in section 5.5.3, supplementation with inorganic 
selenium causes larger urinary selenium excretions relative to supplementation with 
organic selenium. The composition o f the different selenium yeasts could therefore be a 
factor. Further investigations into the supplements are covered in section 5.7.
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As the two species were unidentified, a spiking experiment was performed to verify that 
the unknown peaks did not correspond to any of the selenium standards. Spikes of 80 pg 
L’ 1 of selenomethionine and 70 pg L' 1 o f selenite were added to a urine sample. This 
spiked sample was then analysed to see if either of the previously unidentified peaks 
corresponded to these species. Figure 5.19 shows that through the spiking experiments, it 
was concluded that the second species (tr = 1.40 mins) does not correspond to either 
selenomethionine (tr = 1.28 mins) or selenite (tr = 1.75 mins).
JA-030301-050 SIR of 4 Channels ICP*
Figure 5.19: Urine sample spiked with selenomethionine and selenite.
However, Figure 5.20 shows that the first peak (tr = 0.85 mins) could correspond to either 
selenocystine (tr = 0.80 mins) or trimethylselenonium ion (tr = 0.78 mins). Only a limited 
time period was available on the Platform™ ICP-MS (Micromass UK Ltd.), so 
unfortunately the developed ion-exchange method could not be used to carry out a further 
investigation into the identification of these two unknown peaks (tr = 0.85 and 1.40 
mins). It was hoped that through the use of ion-exchange chromatography; one of the
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peaks would have been confirmed as TMSe+, as reports in the literature claim this species 
is present when large quantities of selenium are ingested (Munos-Olivas et a l , 1996). 
(However, it was possible to use the ion-exchange methodology to validate the selenium 
species determined in the supplement leach extracts and this is shown in section 5.7.1.2).
JA-220601-206
100-,
SIR of 5 Channels ICP+
Urine day 28 + TMSe spike
JA-220801-206
Urine day 28 + Se Cys spike
SIR of 5 Channels ICP+
JA-220801 -204 
100- Urine day 28 + Se Met spike
SIR of 5 Channels ICP+ 78 8.31e4
>ICP*
i ICP*
SIR of 5 Channels ICP+
Figure 5.20: Urine sample with spikes of major selenium species.
5.6.5 Determination of unidentified selenium species
In some of the analysis, certain unknown selenium species were determined, for example 
as shown in Figure 5.12 and Figure 5.18. As previously mentioned (section 5.6.1.4) 
alternative chromatographic techniques were developed and used in an attempt to identify 
some of these species. Furthermore, an attempt was made to identify the unknown 
species through fraction collection and electrospray ionisation -  mass spectrometry (ESI- 
MS). However, this was unsuccessful as the ion-pair reagent impaired the formation of 
ions in the ESI source.
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5.7 Selenium Supplements
In order to obtain accurate information on the particular species present within the 
commercial supplements, it was imperative that a minimal amount o f sample preparation 
was performed. This was difficult due to the supplements only being available in tablet 
or food form. In an attempt to combat this, two procedures were performed, namely a 
water leaching method and an in-vitro bioavailability method.
5.7.1 Water leaching method
The water leaching method involves heating 0.5 g of homogenised supplements (in 
triplicate) in double distilled deionised water (DDW) in a water bath at ca. 90 °C for one 
hour, in an attempt to leach the species out o f the supplement (Pannier et al., 2001). 
After heating the solutions were filtered through a 0.2 pm polypropylene filter and stored 
at ca. 4 °C until analysis could be performed. The extract solutions obtained were used 
to calculate both the total level o f selenium that had leached out o f the supplements and 
to evaluate the selenium species present in the commercial nutritional supplements. 
Speciation analysis was carried out as soon as possible after the sample preparation was 
completed, in the hope o f preventing oxidation or degradation o f the sample.
5 .7.1.1 Total selenium in leach extracts
The total amount o f selenium (pg) in the leach extract of each commercial nutritional 
supplement was determined by PSN-ICP-MS. The coefficient o f variation (CV %) is 
also presented as the analysis was performed in triplicate. The determined amount of 
selenium that had leached out o f the supplements was then presented as a percentage in 
comparison to the level stated on the label ( 2 0 0  pg) and also to that previously 
determined to be present in the tablets by the acid digestion procedure and HG-ICP-MS 
analysis (Table 5.3).
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Table 5.11: Total selenium determined in leach extracts.
Supplement Selenium determined 
in leach extracts (pg) 
CV (%) (n = 3)
% Extracted 
compared to 
determined selenium 
level
% Extracted 
compared to 2 0 0  pg 
selenium (level stated 
on label)
Selenium 
yeast (HB)
130.1 (1.7) 52.7 65.0
Selenium
f
yeast (HN)
15.1 (8 .8 ) 6 .2 7.5
Seleno
methionine
160.4 (7.8) 1 0 0 .6 82.6
SMSC 139.4 (7.8) 89.7 1 1 0 . 6
As can be seen in Table 5.11, a very high % of selenium had leached out o f the 
selenomethionine and SMSC supplements into the water-based extracts. However, the 
most interesting result is the difference in % extraction between the two selenium yeast 
supplements. Less than 10 % of selenium has leached out from the selenium yeast (HN) 
compared to more than 50 % for the selenium yeast (HB). This would indicate that the 
selenium yeast (HB) was o f inorganic selenium (water-soluble) composition and that the 
selenium yeast (HN) was o f organic selenium (water-insoluble) composition. These 
supplements were obtained from different commercial manufacturers, so the differences 
could also be as a result o f different methods that had been used to prepare the 
supplements or to the inactive ingredients contained in each of the tablets. Both of these 
tilings could have an effect on the binding or solubility o f selenium in water, therefore 
influencing the extraction efficiency. Speciation analysis o f these water-leached extracts 
was performed in an attempt to try and understand this further.
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5.7.1.2 Speciation o f  selenium in leach extracts
Speciation analysis was performed on the leach extract obtained from each ot the 
commercial supplements. Speciation of the extract from the selenomethionine 
supplement predominantly showed the presence of selenate (tr = 7.76 minutes) and to a 
lesser degree selenite (tr = 1.75 minutes). A spike of 80 pg L' 1 o f selenomethionine was 
added to a portion of the extract, in order to determine if any selenomethionine was 
present in the sample. As shown in Figure 5.21 selenomethionine does not appear to be 
present.
Figure 5.21: Speciation of leach extract from selenomethionine supplement with and 
without 80 pg L' 1 spike of selenomethionine.
Ion-exchange chromatography was also used to investigate the aqueous extract obtained 
from the selenomethionine supplement. A portion of this extract was spiked with selenite 
and selenate (70 pg L'1) and this confirmed (based on retention time) their presence in the 
leach extract obtained from the selenomethionine supplement.
Speciation analysis of the selenium yeasts (both HB and HN) by ion-pair chromatography 
shown in Figures 5.22 and 5.23, respectively, predominantly showed the presence of
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selenite and selenate. The chromatogram obtained for selenium yeast (HB) (using a 
zoom function to achieve a clearer picture) showed an additional unknown selenium peak 
at a retention time of around 14 minutes.
Figure 5.22: Speciation analysis o f leach extract from selenium yeast (HB).
JA-220601-22$ SIR of 5 Ctwnn** ICP+6 14 
8.111
2.00 4.00 6 00 8 00 10.00 12.00 14 00 16 00 18 00 20.00 22 00 24 00 26.00 28 00 30 00
Figure 5.23: Speciation analysis of leach extract from selenium yeast (HN).
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A spike o f selenite and selenate was added to a portion of each o f the extracts obtained 
from the different selenium yeasts. This confirmed the presence o f both selenite and 
selenate (based on retention time) in the yeast supplements. Ion-exchange 
chromatography was used again to verify the presence o f selenite and selenate in these 
two selenium yeasts. However, the unidentified peak observed in selenium yeast (HB) 
using ion-pair chromatography was not observed using ion-exchange chromatography.
When a comparison was made between the total levels o f selenium determined to exist 
within the leach extracts (Table 5.11) and the sum of the species present in the leach 
extracts, a difference was observed. The sum of the species was lower than the total level 
measured in the extracts.
Based on the data obtained from the ion-pair analysis, the additional selenium peak and 
the larger level o f selenium in the leached selenium yeast (HB) supplement (Figure 5.22) 
corresponds well with the larger % extraction obtained for this yeast in comparison to 
selenium yeast (HN) (Table 5.11). These facts along with the larger excretion levels 
observed in the urine from the subject consuming selenium yeast (HB) (Table 5.10) 
support the idea that the two supplements contain different selenium species. An in-vitro 
bioavailability method was performed on the supplements in an attempt to investigate this 
further.
5.7.2 In-vitro bioavailability method
An in-vitro bioavailability method was performed in an attempt to mimic the human gut. 
It was hoped that this would distinguish which species were available for absorption after 
the supplements have been consumed.
All samples were studied in triplicate and the method for in-vitro bioavailability 
mentioned by Kapskefalou and Miller, 1991 was modified in order to be applicable to 
the commercial nutritional supplements (Bentley, 2001). A 0.50 ± 0.10 g portion o f
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crushed supplement was weighed directly into 250 mL polypropylene bottles to which 20 
mL of 0.01 N HC1 was added. This was brought to pH 2.0 using 6  M HC1 and then 1 mL 
of pepsin solution (Sigma, St. Louis, USA) was added. This was then incubated at 37 °C 
for 2 hours in a shaking water bath (Grant OLS 200, Camlab Ltd., Cambridge, UK) at a 
speed of 80 rpm. A dialysis bag (Spectra/Por® Molecular porous regenerated cellulose 
dialysis membrane, Fisher, UK) containing 20 mL piperazine-N,N’-bis-(2-ethane- 
sulphonic acid (PIPES) buffer (Sigma® Chemicals Co., St. Louis, USA) was added to the 
polypropylene bottle and shaken for another 30 minutes at 80 rpm. 5 mL pancreatine bile 
(Sigma®) mixture was added and shaken for two hours at 80 rpm. The dialysis bag wasi’
removed, emptied and rinsed into a pre-weighed polypropylene bottle and stored at ca. 4 
°C until speciation analysis could be performed.
The pepsin solution used consisted o f 4.0 g pepsin powder that was suspended in 0.01 N  
HC1 (BDH, Poole, UK, Analar™ grade) and diluted to 100 mL with 0.1 N HC1. The 
pancreatine-bile mixture consisted o f 0.5 g porcine pancreatine and 3.0 g bile extract that 
was suspended in 0.01 N NaHCC>3 and diluted to 250 mL with 0.1 N NaHCCfy The 
PIPES buffer solution that was added to the dialysis tubing consisted of 0.15 N PIPES 
dissolved in DDW and adjusted to pH 6.1 with concentrated HC1.
5.7.2.1 Total selenium in in-vitro bioavailability extracts
The in-vitro bioavailability extracts obtained from each supplement were measured for 
their total selenium content by PSN-ICP-MS. The results are shown in Table 5.12.
A difference was again observed between the two selenium yeasts. The selenium yeast 
(HB) appears to be substantially more bioavailable than the other selenium yeast (HN). 
This provides further indication that there is a difference in their selenium species 
content.
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Table 5.12: Total selenium determined in in-vitro bioavailability extracts.
Supplement Selenium level in extracts
(Pg g"1)
Selenium yeast (HB) 723.9
Selenium yeast (HN) 9.4
Selenomethionine 644.4
SMSC 237.7
5.7.2.2 Speciation o f selenium in in-vitro bioavailability extracts
The in-vitro bioavailability extracts were analysed for their species content by ion-pair 
HPLC-ICP-MS. The results are shown in Table 5.13.
All supplements appear to have peaks corresponding to inorganic selenium, although 
SMSC has some additional unidentified peaks. The high level of inorganic selenium 
(Se4+ and Se6+) could be as a result of oxidation/ degradation caused by the in-vitro 
bioavailability method rather than these species actually originating from the commercial 
supplements.
Table 5.13: Results from speciation analysis using ion-pair HPLC-ICP-MS on the in-vitro 
bioavailability extracts.
Supplement Retention time (mins) Species
Selenium yeast (HB) 1.79 Selenite
7.74 Selenate
Selenium yeast (HN) 7.77 Selenate
Selenomethionine 7.74 Selenate
SMSC 0.96 Unidentified
6.07 Unidentified
7.79 Selenate
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In a similar manner to the leach extracts (section 5.7.1.2), when a comparison was made 
between the total levels of selenium determined to exist within the in-vitro bioavailability 
extracts (Table 5.12) and the sum of the species present in the extracts, a difference was 
observed. The sum o f the species was lower than the total level measured in the extracts.
5.8 Summary
A pilot study was performed to investigate the effect that the consumption o f different 
selenium species (contained in various commercial supplements) would have on the total 
level o f selenium and also on the selenium species present in blood serum, seminal 
plasma and urine.
Total elemental analysis was performed using pneumatic solution nebulisation (PSN) and 
hydride generation (HG) inductively coupled plasma mass spectrometry (ICP-MS). The 
use o f high performance liquid chromatography (HPLC) coupled to a collision and 
reaction cell ICP-MS (Platform™ ICP-MS Micromass UK Ltd.) enabled the separation 
and detection o f several selenium species. Ion-pair chromatography (along with reverse- 
phase and ion-exchange chromatography) was used for the identification o f selenium 
species present (or not present) in human blood serum, seminal plasma, urine and the 
commercial supplements. The use o f collision and reaction cell ICP-MS (Platform™ 
ICP-MS Micromass UK Ltd.) significantly reduced the interference of argon dimers on 
the main selenium isotopes (78Se+ and 80Se+), so a lower limit o f detection could be 
achieved (section 5.5).
Several selenium isotopes, namely 78Se+, 80Se+ and 82Se+ were monitored throughout all 
of the measurements, as a result o f the discovery of BrH+ being present at mass 80 and 
82. Monitoring these three selenium isotopes ensured that no peak was erroneously being 
labelled as selenium. The analytical figures o f merit were also investigated and reported. 
Whilst monitoring the isotope 78Se+ the limit of detection (on the column) for each o f the 
selenium compounds (selenite, selenate, selenomethionine, selenocystamine,
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selenocystine, trimethylselenonium and selenoethionine) were 11.31, 14.73, 5.88, 7.32, 
5.41, 6.32 and 4.38 pg, respectively. The reproducibility o f the speciation analysis was 
evaluated using a urine sample and good precision levels (coefficient o f variation, CV %) 
of 6.3 and 4.3 % based on concentration were achieved for the two species (tr = 0.85 and
1.40 minutes) that were present.
The problems associated with speciation analysis were also evaluated and minimized, 
namely:
• experimental conditions were optimised for the analysis o f a single element;
• care was taken to maintain species integrity throughout sample collection, 
preparation and storage;
• quality control was maintained through the use o f other chromatographic 
methods.
All human body fluids, namely blood serum, seminal plasma and urine were collected 
using established collection procedures (section 2.4) and no sample preparation was 
performed prior to speciation analysis. This ensured that no sample contamination, loss 
or potential change o f species could occur.
Five commercial selenium supplements were evaluated, namely selenomethionine, two 
commercial forms o f selenium yeast, selenomethylselenocysteine and brazil nuts. Each 
subject took one of these supplements daily to achieve a dose equivalent to 2 0 0  pg 
selenium. Unfortunately the trial was not completed for the selenomethylselenocysteine 
subject but some data was presented. For all other supplements, the total selenium 
content, the selenium species content and the effect that each supplement had on both the 
levels and species of selenium in human body fluids was presented and discussed in 
sections 5.5 - 5.7 and is summarised below.
The level o f selenium in each supplement was determined following an acid digestion 
procedure and analysis by HG-ICP-MS (section 5.5.4). The levels of selenium in all o f
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the supplements (with the exception o f the brazil nuts) were in good agreement with the 
level that was stated on the supplement label i.e. 200 pg. The level of selenium in the 
brazil nuts was surprisingly low, namely 0.46 pg. This level is probably as a result o f  
these particular nuts being from an area of Brazil where there are selenium deficient soils. 
The low level determined in the brazil nuts corresponds well with the low level of 
selenium that was observed in both the blood serum and urine collected from the subject 
who consumed the brazil nuts.
Speciation analysis o f blood serum (section 5.6.2) showed that selenite (tr= 1.75 minutes) 
was present as a secondary peak in all o f the samples, the levels of which changed 
minimally throughout the trial reflecting the homeostasis o f selenite within the body. 
Unfortunately the major selenium peak (tr = 0.63 minutes) within the blood serum could 
not be conclusively identified. It could be a combination o f several species, but 
selenocysteine is highly likely to be present, as other selenium species convert to 
selenocysteine for incorporation into selenoproteins (Figure 1.3). Despite not being 
identified it is interesting that all o f the commercial selenium supplements produced an 
increase in the level of this selenium species over the trial period. This unknown peak 
could therefore represent a form of selenium transported in blood as a result of dietary 
intake. Irrespective o f the form ingested, the absorbed selenium or a part o f it has been 
converted into this detected species.
It has been proposed that the total level o f an element should equal the sum of the species 
o f that element in any particular matrix (Harrington, 1999). In most cases in this 
research, the total level o f selenium was found to be higher than the sum of the species. 
This could possibly be as a result o f some seleno-compounds being retained on the 
column or when considering the extraction methods, it could be as a direct result o f the 
selenium species not being extracted by that particular method.
Two selenium species were determined in all urine samples (tr — 0.85 and 1.40 minutes). 
Spiking experiments using 80 pg L"1 selenomethionine and 70 pg L"1 selenite proved that 
neither peak corresponded to these species, but spiking experiments with other selenium
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species indicated that the first peak at 0.85 mins could correspond to either selenocystine 
(tr = 0.80 minutes) or trimethylselenonium ion (TMSe+) (tr = 0.78 minutes). 
Unfortunately, time constraints meant that an alternative form of chromatography (ion- 
exchange) could not be used to investigate this further. Although it has not been 
conclusively proven, it is likely that the species is TMSe+, as it is known to be present in 
urine when an increasing level o f selenium has been ingested (Munoz-Olivas et a l, 
1996).
The level of selenium species increased in the urine samples that had been obtained from 
subjects who consumed selenium yeast (HB) and selenomethionine. This was observed 
over the course of the trial but also in the samples that were collected before and after the 
supplement was consumed. The same was not observed for the urine obtained from 
subjects who consumed the brazil nuts or the selenium yeast (HN). The difference for the 
subject who consumed brazil nuts can be explained by the low levels of selenium that 
was being ingested daily (Table 5.3). However, the level o f selenium in both selenium 
yeasts was determined to be similar (Table 5.3). This difference could be caused by 
possible variations in the composition o f the two yeast supplements. The excretion levels 
observed for selenium yeast (HN) are slightly lower than the selenium yeast (HB). This 
indicates that selenium yeast (HN) and selenium yeast (HB) contain organic and 
inorganic selenium, respectively (Daniels, 1996).
HG-ICP-MS analysis o f seminal plasma showed that selenomethionine caused the 
greatest increase in the selenium content. Speciation analysis o f the seminal plasma 
samples showed that all contained a large unretained peak (tr = 0.58 minutes) and a 
second smaller peak (tr = 0.99 minutes). As occurred with the blood serum samples, the 
large unretained peak increased over the period of the trial and the second species 
remained at approximately the same level. Selenomethionine caused the largest increase. 
This could be due to the fact that selenomethionine is retained in tissue proteins to a 
greater extent than selenocysteine and the inorganic forms (Thomson, 1998).
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A water leaching method and an in-vitro bioavailability procedure were used to 
investigate which species were present within each of the commercial supplements. 
These investigations provided very interesting results. The total level of selenium was 
determined in the water leach extract and in the bioavailability extract for each 
supplement by PSN-ICP-MS. A marked difference was observed between the two 
commercial forms o f selenium yeast. The selenium yeast (HB) had a much higher leach 
and bioavailable level o f selenium than the selenium yeast (HN). Seleno-amino acids are 
water-soluble and so would leach out into the extract; however, selenium species present 
in a bound form would not leach into the extract following the simple heated water 
procedure. Different manufacturing methods or different inactive ingredients added to the 
supplement tablets could all affect the binding, solubility and bioavailability o f selenium. 
The differences in the leaching and bioavailability o f the two selenium yeast forms, 
together with the differences observed in the levels of selenium in the blood serum and 
urine indicate that the two selenium yeasts contain different selenium species. The 
prediction based on all o f the results is that the selenium yeast (HB) is predominantly 
inorganic selenium based and the selenium yeast (HN) is predominately organic selenium 
based.
Speciation analysis using ion-pair HPLC-ICP-MS was performed on the supplements in 
an attempt to try and understand further some o f the effects that they had caused. All 
supplements showed the presence of selenite and selenate and this was confirmed through 
the use o f ion-exchange HPLC-ICP-MS. Along with these inorganic forms o f selenium, 
selenium yeast (HB) showed an additional peak at a retention time o f approximately 14 
minutes. This again indicates a difference in the selenium species that are present within 
the two selenium yeast supplements. It was initially found surprising that 
selenomethionine was not observed in the selenomethionine supplement. However, 
selenocysteine and the other seleno-amino acids are highly susceptible to oxidative 
degradation because the selenol group has a significantly lower oxidative potential than 
its sulphur counterpart (Lobinski et ah, 2000). It would therefore be desirable that the 
supplement extracts were analysed as soon as possible after sample preparation. There
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are several other issues that should ideally be addressed. These are discussed further in 
section 6 .5 , which deals with considerations for future work in this area of research.
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C h a p t e r  S i x  
C o n c l u s i o n s
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6.0 Introduction
• to develop and validate analytical methods for the total elemental analysis of 
selected trace elements (Se, Fe, Cu, Zn, Mg, Ca, Mn, Mo, I, Cd and Pb) in 
human blood serum, follicular fluid, seminal plasma, endometrial fluid, urine 
and scalp hair;
• to develop and validate an analytical method for speciation analysis of
selenium in human body fluids, namely blood serum, seminal plasma and
urine;
• to investigate the effect, if any, that psychological stress has on human
infertility status, especially in relation to specific trace elements (Se, Fe, Cu,
Zn, Mg, Ca, CdandPb);
• to establish whether there is link between the levels of hormones (serum 
cortisol and plasma prolactin) and trace elements (Se, Fe, Cu, Zn, Mg, Ca, Cd 
and Pb) in relation to psychological stress and human infertility;
• to determine whether trace element levels (Se, Fe, Cu, Zn, Mn, Mo, I, Cd and 
Pb) in blood serum, follicular fluid, endometrial fluid and scalp hair vary 
between females who have either tubal or unexplained infertility;
• to establish the effects o f selenium supplementation, through an in-vitro 
bioavailability study and in terms o f measured total elemental and species 
levels o f selenium found in blood serum, seminal plasma and urine.
The novel aspects o f this research project, include:
• the investigation between the hormone (serum cortisol and plasma prolactin) 
and trace element (Se, Fe, Cu, Zn, Mg, Ca, Cd and Pb) levels;
• the determination of the trace element status of endometrial fluid;
• the application o f selenium speciation analysis to human body fluids 
following oral selenium supplementation.
The main aim and objectives o f  this research were:
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These aims were largely achieved, although for some areas, further work would be 
extremely beneficial.
6.1 Instrumentation and Analytical Methodology
Flame atomic absorption spectrometry (FAAS) and quadrupole inductively coupled 
plasma mass spectrometry (ICP-MS) were the two main instruments used throughout this 
research. Sample introduction for ICP-MS analysis involved electrothermal vaporisation 
(ETV), pneumatic solution nebulisation (PSN) and hydride generation (HG). The 
hexapole Platform™ ICP-MS (Micromass UK Ltd.) was used solely for selenium 
speciation analysis.
Quadrupole ICP-MS instrument optimisation was performed using a standard solution of  
selenium, non, copper, zinc, cadmium and lead, resulting in a forward power of 1.5 kW 
and a nebuliser flow rate o f 0.85 L min"1. The optimum scan parameters were discovered 
to be a dwell time o f 2 ms, 8 channels, 3 scans and 100 passes based on a coefficient of 
variation (CV (%)) o f less than 3 % for each element. It was proven that the instrument 
had both short-term (< 2 hours) and long-term (< 6  hours) stability. The best results were 
obtained when the body fluid was diluted 1  in 1 0  fold with 1 % (volume/ volume, v/v) 
H N O 3 (Aristar™) in conjunction with a two minute pneumatic solution nebulisation 
washout period with 1 % (v/v) H N O 3 (Aristar™) between each analysis.
A limited number o f measurements were determined by ETV-ICP-MS and HG-ICP-MS. 
ETV-ICP-MS analysis was performed in Norway and the main optimised conditions 
were outlined in section 3.4.2. HG-ICP-MS analysis was utilised for the determination of 
low levels o f selenium. The methodology was based upon a digestion method and 
instrumental parameters previously developed in our laboratory (Rayman et a l, 1996).
In order to reduce any potential isobaric 01* polyatomic interferences, certain isotopes 
were chosen, namely 82Se+, 57Fe+, “ Cu+, “ Zn+, 5W ,  98Mo+, I2T ,  ll2Cd+ and 208Pb+. 
Internal standards were chosen for each analyte so that any signal suppression caused by 
sodium could be corrected, namely:
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.  5SMn+, 37Fe+, 65Cu+, 66Zn+ by 39Co+;
.  82Se+ by 74Ge+;
• 98Mo+, 1 l2Cd+, 127I+ b y 1 13In+;
• 208Pb+ by 209Bi+.
Analytical methods were established using blood serum as a representative for the other 
biological fluids, namely follicular fluid, seminal plasma, endometrial fluid and urine. 
All methods were validated through spike recoveries and analysis o f certified reference 
materials (CRM). Good levels o f recovery were obtained when spikes were added to 
pooled blood serum, for example, the recovery following a spike o f 10.0 pg L' 1 selenium 
was 10.9 pg L'1, as shown in Table 2.11. The calculated values for all CRM materials 
(Seronorm™ Trace Element Serum, Lot 704121 and GBW 09101 Reference Hair) were 
in good agreement with the certified ranges (Tables 2.12 and 2.13). For example, the 
certified selenium levels in Seronorm™ Trace Element Serum (Lot 704121) and GBW 
09101 Reference Hair are 80 pg L' 1 and 0.58 mg kg'1, respectively and the measured 
values were 79.6 ± 0.3 pg L"1 and 0.51 ± 0.09 mg kg'1, respectively. A limit of detection 
was also determined for selenium, iron, copper, zinc, manganese, molybdenum, iodine, 
cadmium and lead and these were presented in Table 2.10. Using PSN-ICP-MS, the limit 
of detection for selenium was 2.1 pg L'1, when HG-ICP-MS was used a lower limit of 
detection was obtained, namely 0.1 pg L"1.
Alongside the analysis of a CRM, inter-laboratory and inter-method comparisons were 
carried out and a Paired t-test was performed to ensure that no significant difference was 
observed between the results at the 95 % confidence level (P = 0.05) (section 2.10). This 
ensured that quality control was maintained throughout all analysis.
The hexapole ICP-MS (Platform™ ICP-MS, Micromass UK Ltd.) was used (along with a 
Waters 2690 HPLC separations module) for the speciation analysis of selenium in both 
human body fluids and commercial selenium supplements. The use o f the hexapole ICP- 
MS significantly reduced the interference o f argon dimers on the main selenium isotopes
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(78Se+, 80Se+). As a result, a limit o f detection lower than that obtained for PSN-ICP-MS 
(2.1 jag L'1) could be achieved (section 2.2.2.5).
Several selenium isotopes, namely 78Se+, 80Se+ and 82Se+ were monitored throughout all 
o f the analysis, as a result o f the discovery o f BrH+ being present at mass 80 and 82. 
Monitoring three isotopes ensured no peak was erroneously labelled as selenium.
The developed ion-pair chromatographic conditions were adapted from a method 
reported in the literature (Marchante-Gayon et a l, 2000). The conditions are 
summarised in Table 5.4. Reverse-phase and ion-exchange chromatography methods 
were also developed and used in an attempt to verify the identified species. The 
conditions for each o f these chromatographic methods are summarised in Tables 5.7 and 
5.8, respectively.
The limit of detection (on the column) for the selenium compounds, namely selenite, 
selenate, selenomethionine, selenocystamine, selenocystine, trimethylselenonium and 
selenoethionine, whilst monitoring the isotope 78Se+ were 11.31, 14.73, 5.88, 7.32, 5.41, 
6.32 and 4.38 pg, respectively. The retention time (tr) o f each selenium species was:
• selenocystamine 0.63 minutes;
• selenocystine 0.77 minutes;
• trimethylselenonium 0.78 minutes;
• selenomethionine 1 . 2  minutes;
• selenite 1.75 minutes;
•  selenoethionine 2 .2  minutes;
• selenate 6 .8  minutes.
The reproducibility o f the speciation analysis was evaluated using a urine sample and 
good precision levels (CV %) o f 6.3 and 4.3 % based on concentration were achieved for 
the two unidentified species at retention times o f 0.85 and 1.40 minutes, respectively.
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In order to perform speciation analysis on the commercial selenium supplements, two 
methods, namely water leaching and in-vitro bioavailability procedures were used to 
convert the supplements into a form that could be analysed. The water leaching method 
(section 5.7.1) involved heating the homogenised supplements in double distilled 
deionised water (DDW) in a water bath at ca. 90 °C for one hour. The in-vitro 
bioavailability method (section 5.7.2) was adapted from the procedure reported by 
Kapskefalou and Miller, 1991.
6.2 Effect of Psychological Stress on Human Fertility£
Infertile couples undoubtedly experience stress. As several trace elements are involved 
in human fertility and hormones and trace elements are inter-linked, it was proposed that 
psychological stress and the resulting increase in stress-hormones could have a 
detrimental effect on human fertility. This study evaluated the levels of certain stress- 
hormones (blood serum cortisol and plasma prolactin), psychological stress and trace 
elements (Se, Fe, Cu, Zn, Mg, Ca, Cd and Pb) o f infertile females who were undergoing 
in-vitro fertilisation (IVF) treatment. A variety of analytical methods and sample 
preparation techniques were used to analyse the “stress” blood serum samples, namely 
FAAS, ETV-ICP-MS and PSN-ICP-MS.
Elemental distributions reported in Figures 3.4 — 3.12 showed that with the exception of 
cadmium and lead, all elements reflected a normal distribution pattern. The implication 
of this is elements that follow a normal distribution are homeostatically controlled within 
the human body, whereas cadmium and lead (the non-essential or toxic elements) are 
subject to non-homeostatic regulation (Havercroft, 1989).
Some statistical outliers were observed in the trace element results (sections 3.6.2.5,
3.62.1 and 3.6.2.8). These outliers were calculated using a Dixon’s Q test and then 
excluded from the trace element results before any further statistical evaluations were 
performed.
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Both a two-tailed F-test and a Student t-test were performed to investigate if there were 
any differences in elemental or hormonal levels occurring between the control and 
infertility groups (tubal, unexplained and male factor). A Student t-test showed some 
significant differences:
Table 6.1: Stress study: Student t-test -  trace elements in blood serum.
Probability level (P) Element Trend
0 .0 0 1 Copper Tubal > control
0 .0 0 1 Copper Male factor > control
0 .0 0 1 Zinc Control > tubal
0 .0 0 1 Zinc Control > unexplained
0 .0 0 1 Zinc Control > male factor*
0 .0 0 1 Selenium Control > tubal
0 .0 0 1 Selenium Control > unexplained
0 .0 0 1 Selenium Control > male factor
0 .0 0 1 Cadmium Unexplained > control*
0 .0 0 1 Lead Control > tubal*
0 .0 1 Copper Control > unexplained
0 .0 1 Cadmium Male factor > control
0 .0 1 Lead Control > unexplained*
0 .0 1 Lead Control > male factor*
0.05 Iron Tubal > male factor
0.05 Cadmium Unexplained > tubal
0.05 Cadmium Tubal > control
0.05 Calcium Male factor > unexplained*
* a two-tailed F-test determined a significant difference (P = 0.05) in the sample 
variances o f these two groups.
In summary, when a comparison was made between the control group and the different 
types o f infertility, it was shown that the controls have lower levels of copper and 
cadmium and higher levels o f zinc and selenium in their blood serum with varying
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degrees o f significance. A higher level o f lead was also observed in the control group; 
however, this statement cannot be made conclusively as the sample variances obtained 
for each group were shown to be significantly different (P = 0.05). The other significant 
results were as expected based on previous reports in the literature (Sato et a l, 1985, 
Ward et al, 1987, Barrington et aL, 1996, Stovell, 1999). For example, infertile women 
reportedly have low levels o f zinc and correspondingly high levels of copper in their 
blood serum (Sato et al., 1985, Stovell, 1999). Cadmium levels are also known to be 
significantly higher in infertile women (Ward et al., 1987, Stovell, 1999). Selenium
levels are reported to be lower in women with fertility problems; for example, low
£
selenium levels have been linked to recurrent miscarriages (Barrington, 1996). No 
significant differences were observed between the stress-hormones (serum cortisol and 
plasma prolactin) and the different types o f infertility.
All element and hormone levels, along with the stress scores, were correlated against one 
another to investigate any possible relationships. A product moment correlation 
coefficient was calculated and the level of significance was determined by a two-tailed t- 
test and n -  2 degrees o f freedom. A number o f significant correlations were observed 
between the analytes and interestingly all were positive, implying synergistic 
relationships.
Table 6.2: Stress study: significant correlations.
Probability level (P) Positive correlation
0 .0 1 Anxstate and anxtrait
0 .0 1 Cortisol and prolactin
0 .0 1 Calcium and copper
0 .0 1 Copper and lead
0 .0 2 Magnesium and calcium
0 .0 2 Magnesium and copper
0.05 Anxtrait and calcium
0.05 Anxtrait and selenium
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Any previously determined significant correlations between trace elements and hormones 
generally concerned thyroid function, growth, gonadal function, adrenal function etc. 
(Prasad, 1985, Neve, 1992, Felig et a l 1995, Sandstead, 2000). This study found no 
significant correlations between the trace element and stress-hormone levels. The 
essential trace elements (Se, Fe, Cu, Zn, Mg, Ca) analysed in this study are very 
important for human fertility, so these results imply that the stress-hormones cortisol and 
prolactin do not have an adverse effect on these trace elements or human fertility.
£
6.3 Trace Elements and Human Infertility
Selenium, iron, copper, zinc, manganese, molybdenum, iodine, cadmium and lead levels 
were determined in the blood serum, follicular fluid, endometrial fluid and scalp hair o f  
infertile women undergoing in-vitro fertilisation (IVF) treatment at Hammersmith 
Hospital, London. All samples were collected and prepared by standard procedures as 
described in section 2.4 and 2.5. All samples were analysed using PSN-ICP-MS and 
quality control was ensured through the analysis o f certified reference materials (Tables
4.1 and 4.2).
The concentrations o f most o f the essential elements in blood serum and follicular fluid 
followed a normal distribution. The exception was manganese, which along with 
cadmium and lead followed a log-normal distribution. It is suggested by other studies 
that this indicates an external contamination problem for manganese, possibly caused by 
the use o f a stainless steel needle during sample collection (Versieck and Cornelis, 
1989).
Both a two-tailed F-test and a Student t-test were performed to investigate any 
differences in elemental levels occurring between the control and infertility groups (tubal, 
and unexplained). A Student t-test showed some significant differences (Table 6.3).
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Table 6.3: Infertility study: Student t-test -  trace elements in each matrix.
Probability level (P) Element Matrix Trend
0 .0 0 1 Selenium Blood serum Control > unexplained
0 .0 0 1 Zinc Blood serum Tubal > control
0 .0 2 Copper Blood serum Tubal > unexplained
0.05 Selenium Blood serum Tubal > unexplained
0.05 Zinc Blood serum Unexplained > control*
0.05 Zinc Scalp hair Tubal > unexplained
* a two-tailed F-test determined a significant difference ( 3 = 0.05) in the sample
variances o f these two groups.
In accordance with the literature (Paszkowski et a l, 1995, Stovell, 1999), selenium 
levels in the blood serum of the control population were found to be significantly higher 
(P = 0.001) in comparison to the unexplained infertility group.
Sub-groups (within the different types of infertility) were created as a result of 
information obtained from a questionnaire that each subject had completed (section 4.10). 
These sub-groups were smokers and non-smokers, those who consumed alcohol and 
those who did not and finally those who had and had not used oral contraceptives. It was 
expected that those who smoked would have higher levels of cadmium and lower levels 
of zinc in their biological matrices than those who did not smoke (Ward et a l, 1987, 
Passwater and Cranton, 1983). Higher levels o f cadmium and lower levels o f zinc 
(although not significantly) were detected in the blood serum o f those who smoked in 
comparison to those who did not.
In order to verify that the age o f each subject was not influencing the level o f each trace 
element in the various matrices, a correlation was performed between the age and 
measured concentrations. No significant correlations were observed between age and the 
elemental concentrations within any matrix, indicating that age was not a factor.
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All trace element levels were correlated against one another to investigate any possible 
relationships. A product moment correlation coefficient was calculated and the level o f  
significance was determined by a two-tailed t-test and n -  2 degrees of freedom. The 
correlation coefficients and corresponding calculated t values showed that there were 
significant correlations between a number of analytes. Tables 6.4 -  6 .6  show the 
significant correlations observed within each of the matrices.
Table 6.4: Infertility study: significant element-element correlations in blood serum.
Probability level (P) Correlation Type of relationship
0 .0 0 1 Mn and Zn Positive
0 .0 0 1 Mn and I Negative
0 .0 0 1 Se and I Positive
0 .0 0 1 Se and Pb Positive
0 .0 1 Mn and Se Negative
0 .0 1 Mo and I Negative
0 .0 2 Zn and I Negative
0 .0 2 Se and Cd Negative
0 .0 2 I and Pb Positive
0.05 Fe and Zn Positive
0.05 Zn and Pb Negative
0.05 Se and Mo Negative
0.05 Mo and Pb Negative
In blood serum, a negative interaction was observed between zinc and lead, which has 
been explained in the literature by the fact that lead replaces zinc in the enzyme 8 - 
aminolaevulanic acid, which is necessary for haem synthesis (Goyer, 1995).
Several element-element correlations were also observed in follicular fluid as shown in 
Table 6.5. Many are in agreement with the literature, for example, the positive 
relationship between iron and selenium, as a deficiency o f iron affects the absorption of
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selenium (Groff and Gropper, 1995). The relationship between copper and iron is 
known because o f the copper-containing caeruloplasmin as a ferroxidase (O’Dell and 
Sunde, 1997). Another known relationship of copper is with selenium, as a copper 
deficiency has been shown to decrease the activity o f selenium-dependent glutathione 
peroxidase (Olin et al., 1994).
Table 6.5: Infertility study: significant element-element correlations in follicular fluid.
Probability level (P)
£
Correlation Type of relationship
0 .0 0 1 Mn and Fe Positive
0 .0 0 1 Mn and Cu Positive
0 .0 0 1 Mn and Zn Positive
0 .0 0 1 Mn and Se Positive
0 .0 0 1 Fe and Cu Positive
0 .0 0 1 Fe and Zn Positive
0 .0 0 1 Fe and Se Positive
0 .0 0 1 Cu and Zn Positive
0 .0 0 1 Cu and Se Positive
0 .0 0 1 Zn and Se Positive
0 .0 1 Zn and Mo Positive
0 .0 2 Fe and Mo Positive
The use o f endometrial fluid as a media for the analysis of trace elements was a novel 
approach, so no information was available in the literature to corroborate the positive 
correlation observed between manganese and zinc, as shown in Table 6 .6 . This table also 
shows the correlations that were observed in scalp hair. All correlations were positive 
and none o f these reflected common synergistic relationships reported in the literature.
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Table 6.6: Infertility study: significant element-element correlations in endometrial fluid
and scalp hair.
Probability level (P) Matrix Correlation Type of relationship
0 .0 0 1 Endometrial fluid Mn and Zn Positive
0 .0 0 1 Scalp hair Mn and Mo Positive
0 .0 1 Scalp hair Se and Pb Positive
0 .0 1 Scalp hair Cd and I Positive
0 .0 2 Scalp hair Mo and Cd Positive
0.05 Scalp hair Mn and Cd Positive
0.05 Scalp hair Mnandl Positive
0.05 Scalp hair F and Mo Positive
0.05 Scalp hair Mo and I Positive
An investigation was performed to determine whether any significant correlations existed 
in the levels o f each element between the matrices, for example, was there a significant 
correlation in the levels o f selenium measured in blood serum and follicular fluid? This 
investigation revealed no significant correlations. This could possibly be explained, as 
despite the fact that follicular fluid is known to contain constituents from blood that 
diffuse across the basement membrane o f the ovarian follicles, some components o f  
follicular fluid are produced locally so the trace element concentration trends in blood 
serum would not necessarily reflect the levels in follicular fluid (Edwards, 1974). 
Concerning scalp hair, it was reported that a clinical deficiency of zinc has been 
associated with high, low and normal levels o f zinc in scalp hair (Howard, 1990). The 
effectiveness of these media for trace element analysis is discussed further in section 6.5.
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6.4 Speciation Analysis of Selenium in Human Body Fluids: Effect of 
Supplementation
Ion-pair chromatography (along with reverse-phase and ion-exchange chromatography) 
was used for the identification and validation o f selenium species present (or not present) 
in human blood serum, seminal plasma, urine and commercial selenium supplements.
The commercial selenium supplements were consumed before breakfast after overnight
fasting. Each was used to contribute a dose o f 200 pg selenium per day. The commercial
selenium supplements used within the trial were:
• brazil nuts;
•  selenium yeast (Holland and Barrett, HB);
• selenium yeast (Higher Nature, HN);
•  selenomethionine (Se Met);
• selenomethylselenocysteine (SMSC).
The level o f selenium in each commercial supplement was determined following an acid 
digestion procedure and analysis by HG-ICP-MS. The levels o f selenium in all o f the 
supplements (with the exception o f the brazil nuts) were in good agreement with the level 
that was stated on the supplement label i.e. 200 pg. The level o f selenium in the brazil 
nuts was surprisingly low, namely 0.46 pg. This level is probably as a result of these 
particular nuts being from an area o f Brazil where there are selenium deficient soils. The 
low level determined in the brazil nuts corresponds well with the low levels of selenium 
that were observed in the blood serum and urine from the subject who consumed the 
brazil nuts.
The analysis o f blood serum showed that selenite (tr = 1.75 minutes) was present as a 
secondary peak in all o f the samples, the levels o f which changed minimally throughout 
the trial reflecting the homeostasis o f selenite within the body. Unfortunately, the major 
selenium peak (tr = 0.63 minutes) within blood serum could not he conclusively
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identified. It could be a combination of species, but selenocysteine is highly likely to be 
present, as other selenium species convert to selenocysteine for incorporation into 
selenoproteins (Figure 1.3). Unfortunately, this species was not available as a standard 
for analysis. However, all o f the commercial selenium supplements produced an increase 
in the levels of this unidentified selenium species over the trial period. This unknown 
peak could therefore represent a form of selenium transported in blood as a result o f 
dietary intake. Irrespective o f the form ingested, the absorbed selenium or a part of it has 
been converted into this detected species.
£
The total excretion levels observed for selenium yeast (HN) are slightly lower than the 
selenium yeast (HB) indicating that they are of organic and inorganic selenium, 
respectively (Daniels, 1996). Two selenium species were determined in all urine samples 
(tr = 0.85 and 1.40 minutes). Spiking experiments proved that they were neither 
selenomethionine nor selenite, but that one could correspond to either selenocystine (tr = 
0.80 or trimethylselenonium ion (TMSe*) (tr = 0.78 minutes). It has not been 
conclusively proven but it is likely that one of the species is in fact TMSe+, as it is known 
to be present in urine when an increasing level of selenium has been ingested (Munoz- 
Olivas et al., 1996). Unfortunately, time constraints meant that ion-exchange 
chromatography could not be used to investigate this further.
HG-ICP-MS analysis of seminal plasma showed that consumption of selenomethionine 
as a dietary supplement resulted in the greatest increase in selenium concentration. 
Speciation analysis o f the seminal plasma samples showed that all contained a large 
unretained peak (tr = 0.58 minutes) and a second smaller peak (tr -  0.99 minutes). As 
occurred with the blood serum samples, the large unretained peak increased over the 
period of the trial and the second species remained at approximately the same level. 
Selenomethionine caused the largest increase; this could be due to the fact that 
selenomethionine is retained in tissue proteins to a greater extent than selenocysteine and 
the inorganic forms (Thomson, 1998).
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A water leaching method and an in-vitro bioavailability procedure were used to 
investigate which species were present within each o f the supplements. These 
investigations provided very interesting results. The total level of selenium was 
determined in the water leach extract and in the bioavailability extract for each 
supplement. There was a marked difference in the two commercial forms o f selenium 
yeast. The selenium yeast (HB) had a much higher water leach and bioavailable level of 
selenium than the selenium yeast (HN) (Tables 5.11 and 5.12). Seleno-amino acids are 
water soluble so would be leached out into the extract. However, selenium present in a 
bound form would not leach into the extract following this simple heated water 
procedure. This indicates that the yeast supplements contain different species. Different 
manufacturing methods could also have been used or different inactive ingredients added 
to the supplement tablets, all o f which could influence the binding, solubility and 
bioavailability o f selenium. Differences in the leaching and bioavailability o f the two 
selenium yeast forms, together with the changes observed in the levels of selenium in the 
blood serum and urine indicate that the two selenium yeasts contain different selenium 
species. The prediction based on all o f the results is that the selenium yeast (HB) is 
predominantly inorganic selenium based and the selenium yeast (HN) is organic selenium 
based.
Speciation analysis was performed on the commercial selenium supplements in an 
attempt to identify which species may influence the trends observed in human body fluids 
following their consumption. All supplements showed the presence of selenite and 
selenate. This was confirmed through the use o f spiking experiments and ion-exchange 
chromatography ICP-MS. Selenium yeast (HB) also showed an additional unidentified 
peak at around 14 minutes, which again indicates a difference in the selenium species that 
are present within the two selenium yeast supplements. Surprisingly, it was found that 
selenomethionine was not observed in the selenomethionine supplement. However, this 
could be because selenocysteine and the other seleno-amino acids are highly susceptible 
to oxidative degradation due to the selenol group having a significantly lower oxidative 
potential than its sulphur counterpart (Lobinski et a l, 2000). It would therefore be
270
desirable that the supplement extracts were analysed on the same day as the sample 
preparation was performed.
The total level o f selenium should reportedly equal the sum of all o f the species present 
(Harrington, 1999). This was not observed in this study for any o f the biological fluids 
or supplements. Instead, in most cases the sum of the species was found to be lower than 
the total level o f selenium measured in the matrix. This is probably as a result of the 
different species within each matrix either being retained on the column or not being 
extracted fully during the supplement investigations.
6.5 Further Remarks
Other issues that would ideally be cited for future work in the area o f selenium speciation 
would be:
•  the use o f one supplement for the whole of a larger study group, so the effects 
of the supplement could be investigated more thoroughly and the inter-subject 
variability removed;
• the utilisation o f selenium within the human body is incredibly complex, so 
the use of stable selenium tracers would aid the discovery of the affects o f the 
different selenium species;
• ideally selenoprotein analysis would also be performed, as the unidentified 
species present in the human body fluids could be some form of selenoprotein;
• the in-vifro bioavailability study mimicked absorption of selenium from the 
human gut, however, it would be interesting to use enzymes and also to mimic 
the human duodenum rather than the gut, as a lot of selenium is absorbed from 
this part o f the intestine (Groff and Gropper, 1995);
• some ion-exchange chromatography was presented although further work 
could possibly aid conclusive identification o f the unknown species in the 
urine samples (Figure 5.20);
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•  an attempt was made using ESI-MS to determine all o f the unknown species, 
however, this was hindered by both the limit of detection (section 5.6 .1.1) and 
the use o f ion-pair chromatography, whose reagents were incompatible with 
ESI-MS. The use o f alternative chromatography methods, which were 
compatible with ESI-MS would be desirable.
From an analytical perspective, the use o f certain human body fluids as a media for trace 
element analysis is questionable. The stringent requirements for sample collection that
need to be enforced when trace element analysis is to be performed are not necessarily fit
£
for the purpose in a busy IVF clinic. Contamination can occur easily, for example, 
follicular fluid as a potential media can be tainted by haemolysis. The sample collection 
procedure for follicular fluid (section 2.4.2) is also very invasive for the patient, as is the 
method for endometrial fluid (section 2.4.4). No correlations were observed with the 
level o f the elements between endometrial fluid and the other media and as a result the 
usefulness o f this fluid for trace element analysis is questionable. Correlations between 
elements in scalp hair and other media were not observed either, so despite the ease in 
which scalp hair can be collected, its use as a diagnostic marker for infertility following 
trace element analysis is also dubious.
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Appendices
Appendix 1: Spielberger Stress Questionnaires
Self-evaluation Q uestionnaire
Name: Date.
Directions: A  number of statements which people have used to describe themselves are 
given below. Read each statement and then circle the appropriate number to the right of 
the statement to indicate how you generally feel. There are no right or wrong answers. Do 
not spend too much time on any one statement but give the answer which seems to 
describe how you generally feel.
Almost Sometimes Often Almost 
never always
1; I feel pleasant.....................
2 .1 feel nervous and restless...
3 .1 feel satisfied with myself..
4 .1 wish I could be as happy as others 
seem to be........................................
5 .1 feel like a failure....................
6 .1 feel rested..............................
7 .1 am “calm, cool and collected’
8 .1 feel that difficulties are piling up so 
that I cannot overcome them..............
9 .1 worry too much over something that 
really doesn’t matter,..........................
10.1 feel happy.......................
11.1 have disturbing thoughts.
2
2
2
2
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
4
B
Spielberger Stress Questionnaires continued:
Almost Sometimes Often Almost 
never always
12.1 lack self-confidence  1 2  3 4
13.1 feel secure  1 2  3 4
14.1 make decisions easily  1 2  3 4
®5.1 feel inadequate............................... 1 2 3 4
16.1 am content..................................... 1 2 3 4
17. Some unimportant thoughts run
through my mind and bothers me....1 2 3 4
18.1 take disappointments so 
keenly that I can’t put them out
of my mind......................................... 1 2  3 4
19.1 am a steady person.........................1 2 3 4
20 .1 get in a state of turmoil as I think 
over my recent concerns and
interests 1 2  3 4
C
Spielberger Stress Questionnaires continued:
Directions: A number of statements which people have used to describe themselves are 
given below. Read each statement and then circle the'appropriate number to the right of 
the statement to indicate how you feel RIGHT now, that is,rtr THIS MOMENT1 There 
are no right or wrong answers. Do not spend too much time on any one statement, but 
give the answer which seems to describe your present feelings best.
• Not Somewhat Moderately Very
at all so much so
i:! I feel calm................................. .. 1 2 3 4
2 .1 feel secure............................... 1 2 3 4
3 .1 am tense.................................. 1 2 3 4
4 .1 feel strained........................... 1 2 3 4
5 .1 feel at ease.............................. 1 2 3 4
6 .1 feel upset................................. 1 2 3 4
7 .1 am presently worrying over 
possible misfortunes................. . 1 2 3 4
8 .1 feel satisfied............................ 1 2 3 4
9 .1 feel frightened........................ 2 3 4
10.1 feel comfortable................... . 1 2 3 4
1I. I feel self-confident................. , 1 2 3 4
12.1 feel nervous.......................... 1 2 3 4
13.1 am jittery.............................. ... 1 2 3 4
14.1 feel indecisive...................... ... 1 2 3 4
15.1 am relaxed............................ .. 1 2 3 4
D
Spielberger Stress Questionnaires continued:
Not Somewhat Moderately Very
at all so much so
16. Ifeel content................. 1 2 3 4
17.1 am worried.................. ...........  1 2 3 4
18.1 feel confused.... ;......................  1 2 3 4
19.1 feel steady................... ............. 1 2 3 4
20 .1 feel pleasant............... ............. 1 2 3 4
E
Spielberger Stress Questionnaires continued:
Directions: Below is a list of statements describing feelings or experiences that you may 
have from time to time or that are familiar to you because you have had these feelings 
and experiences for a long time. Most of these statements describe feelings and 
experiences that are generally painful or negative in some way.
Some people will seldom or never have had many of these feelings. Everyone has had 
some of these feelings at some time, but if you find these statements describe the way you 
feel a good deal of the time, it can be painful just reading them. Try to be as honest as you 
can in responding.
Read each statement carefully and circle the number to the right of the item that indicates 
. the frequency with which you find yourself feeling or experiencing what is described in 
the statement. Use the scale below. DO NOT OMIT ANY ITEM.
SCALE
Never Seldom Sometimes Often Almost
always
N SE SO O ■ — AA —
1.1 feel like I’m never quite good enough..................... .......... N SE SO 0 AA
2 .1 feel somehow left out............................................... ..........  N SE SO 0 AA
3 .1 think that people look down on me....... .................. ;..........N SE so 0 AA
4. AH in all, I'm inclined to feel that I’m a success....... .........  N SE so 0 AA
5 .1 scold myself and put myself down.......................... ........  N SE so 0 AA
6 .1 feel insecure of other’s opinions of me.................... ........ N SE so 0 AA
7. Compared to other people. I feel like I 
somehow never measure up....................................... N SE so 0 AA
8 .1 see myself as being very small and insignificant.... .............  N SE so 0 AA
9 .1 feel I have much to be proud of............................... ........... N SE so 0 AA
F
Spielberger Stress Questionnaires continued:
Never Seldom Sometimes Often Almost
Always
N SE SO O AA
10.1 feel intensely inadequate and full of self-doubt   N SE SO O AA
11.1 fee! as if I am somehow defective as a person,
like there is something basically wrong with me   N SE SO O AA
f 12. When I compare myself to others
I am just not as important..  .............  :   N SE SO O AA
13.1 have an overpowering dread that my faults
will be revealed in front of others...................  N SE SO O AA
14.1 feel I have a number of good qualities..................................N SE SO O AA
15.1 see myself striving for perfection, only
to continually fall short.....  ...................................   N SE SO 0  AA
16.1 think others are able to see my defects.............    N SE SO O AA
17.1 could beat myself over the head with a
club when I make mistakes................................................ N SE SO O AA
18. On the whole, I am satisfied with myself.   N SE SO O AA
19.1 would like to shrink away when I make a mistake N SE SO O AA
20.1 replay events over and over in my
mind until I am overwhelmed...............................................N SE SO O AA
21.1 feel I am a person of worth at least on an
equal plane to others  N SE SO O AA
22. At times I feel like I will break into a
thousand pieces      N SE SO 0  AA
23.1 feel as if I’ve lost control over my body
functions and my feelings  N SE SO O AA
24. Sometimes I feci no bigger than a pea.  N SE SO O AA
G
Spielberger Stress Questionnaires continued:
Never Seldom . Sometimes 
N SE SO
Often
0
Almost
always
AA
25. At times I feel so exposed that I wish
the earth would open up and swallow me............... ....... N SE SO 0 AA
26.1 have this painful gap within me that
I have not been able to fill....................................... SE SO 0 AA
27.1 feel empty and unfulfilled..................................... ...... N SE SO 0 AA
28.1 take a positive attitude towards myself................. ......  N SE so o AA
29. My loneliness is more like emptiness..................... SE so 0 AA
30.1 feel like there is something missing........ ............. SE so 0 AA
PLEASE CHECK THAT YOU HAVE ANSWERED ALL THE QUESTIONS
THANK YOU FOR TAKING THE TIME TO COMPLETE THIS
QUESTIONNAIRE
H
Appendix 2: Statistics
Various statistical tests were performed throughout this research and are described below. 
Arithmetic mean (Xa)
This is the average of all observations, which is the sum of all o f the measurements 
divided by the number of the measurements (Miller and Miller, 1993).
X a= E xi 
n
tf
Standard deviation (SD)
This is a useful measure o f spread and is measured by the positive square root o f the 
variance (Miller and Miller, 1993, Farrant, 1997).
SD = [Si (Xj—X„)2 /  (n -  l) ] ,n
Coefficient of variation (CV %)
This is the relative standard deviation expressed as a percentage.
CV = RSD % = 100 * SD
X a
Median
When data points are arranged in order of magnitude, the median is the result about 
which all o f the others are evenly distributed (half being numerically greater and half 
being numerically smaller) (Farrant, 1997).
Geometric mean
This defines the numerical value located as a function o f the distribution frequency 
(Farrant, 1997).
Outlier
A value that appears to be unreasonably different from the others in the set.
I
Dixon’s Q-test
A test used to assess a suspect measurement. It compares the difference between the 
suspect value and the measurement nearest to it in size, with the difference between the 
highest and lowest measurements. The ratio o f these differences (without regard to sign) 
is known as Dixon’s Q (Miller and Miller, 1993).
O = 1 suspect value -  nearest value 1 
(largest value -  smallest value)
If  the calculated value of Q exceeds the critical value (obtained from tables) the suspect 
value is rejected.
F-test
A two-tailed F-test is used to see whether two standard deviations differ significantly. 
The null hypothesis states that there is no significant difference. The F-test considers the 
ratio of the two sample variances, i.e. the ratio of the squares o f the standard deviations. 
The test statistic is given as:
F = SD„2 
SDb2
where SDa2 is the larger o f the two variances. F is then compared with the Fcrjt value at vi 
= na — 1 and v2 = nb -  1 degrees o f freedom. If  the calculated value o f F exceeds this 
critical value then the null hypothesis is rejected and it is deemed that there is a 
significant difference with a particular level of significance (Miller and Miller, 1993, 
Farrant, 1997).
Student t-test
A two-tailed F-test (as described previously) must first be performed to ensure that there 
are no significant differences in the standard deviations o f the data sets. A student t-test 
is used to compare two independent sets o f data and to determine whether there is a 
significant difference between the two data sets.
t = (Xi -  x2) V [(1/n, + l/n2) x {SDi2(m -  1) + SD22(n2 -  1)/ (n, + n2 -  2)}]
J
If the calculated value is greater than the tabulated critical value, the null hypothesis is 
rejected and it is stated that there is a significant difference (Farrant, 1997).
Product moment correlation coefficient
A product moment correlation coefficient (r) is determined to estimate how well 
experimental points fit a straight line. The value o f r is determined by:
r =  £  { (x —X) ( y - Y ) |
{ [E(x -  X)2] [E (y -Y )2]}1/2
A two-tailed t-test is used to see whether the correlation coefficient/ linear relationship 
between the two variables is indeed significant.
t =  rlr j V (n - 2 1 1  
V C l- r2)
where r is the correlation coefficient. The calculated value of t is compared with the 
tabulated value at the desired significance level, using a two-tailed t-test and (n -  2) 
degrees o f freedom. If  the calculated value o f t is greater than the critical value, the null 
hypothesis is rejected and it is concluded that there is a significant correlation (Miller 
and Miller, 1993).
Paired t-test
A Paired t-test is used to compare the difference between each pair o f results given by 
two experimental methods. The null hypothesis states that there is no significant 
difference in the mean concentration given by the two methods.
tcaic =  Xd V(n)/SDd
where Xd is the mean difference, SDd is the standard deviation of the differences.
If tcaic is greater than the critical value o f t (t has n -  1 degrees o f freedom) then the null 
hypothesis is rejected and it is stated that the methods give significantly different results 
(Miller and Miller, 1993).
K
Appendix 3: Stress Study: F-test results from infertility groups.
The F-test results are shown on page L for the elements and hormones that did not have 
control measurements taken and on page M for the elements, which did have control 
measurements taken.
G1 = Tubal infertility 
G2 -  Unexplained infertility 
G3 = Male factor infertility 
C = Control
Element Groupings Counts (n) Fcalc Fcnt (P = 0.05) Significant at P = 0.05
Mg G1 vG 2 17 v 13 1.06 3.01 No
G1 vG 3 17 v 10 2.72 3.48 No
G2 v G3 13 v 10 2.57 3.59 No
Ca G1 v G2 18 v 13 2.94 2.99 No
G3 v G l 10 v 18 2.96 2.87 Yes
G 3 v G 2 10 v 13 8.71 3.25 Yes
Prolactin G2 v G1 13 v 18 1.27 2.74 No
G1 vG 3 18 v 10 1.07 3.46 No
G2 v G3 13 v lO 1.36 3.59 No
Cortisol G1 vG 2 18 v 13 1.40 2.99 No
G1 v G3 18 v 10 2.16 3.46 No
G 2vG 3 13 v lO 1.54 3.59 No
The differences in some o f the counts (n) are as a result o f the removal of the outliers as 
discussed in section 3.6.2.
L
Element Groupings Counts (n) Fcalc Fcdt (P ~  0.05) Significant at P = 0.05
Fe G2 v G l 13 v 18 1.16 2.74 No
G1 v G3 18 v 10 1.89 3.46 No
G2 v G3 13 vlO 2.19 3.59 No
C v G l 17 v 18 42 2.62 Yes
C v G2 17 v 13 35 3.01 Yes
C vG3 17 v 10 70 3.48 Yes
Cu G2 v G1 13 v l8 1.56 2.74 No
G1 v G3 18 v 10 1.15 3.46 No
G2 v G3 13 v 10 1.79 3.59 No
* C v G l 17 v 18 1.22 2.62 No
G 2 v C 13 v 17 1.27 2.79 No
C v G3 17 v 10 1.38 3.48 No
Zn G1 v G2 18 v 13 1.01 2.99 No
G3 v G l 9 v 18 1.24 2.93 No
G3 v G2 9 v  13 1.26 3.31 No
G1 v C 18 v l 7 2.57 2.66 No
G2 v C 13 v l 7 2.53 2.79 No
G3 v C 10 v 17 3.21 2.92 Yes
Se G1 v G2 18v 13 1.04 2.99 No
G1 v G3 18 v 10 2.54 3.46 No
G2 v G3 13 v lO 2.45 3.59 No
C v G l 17 v 18 1.16 2.62 No
C vG 2 17 v 13 1.20 3.01 No
C vG 3 17 v 10 2.94 3.48 No
Cd G2 v G l 13 v l 7 1.65 2.79 No
G1 v G3 17 v 10 1.14 3.48 No
G2 v G3 13 v 10 1.88 3.59 No
G1 v C 17 v 17 2.00 2.68 No
G2 v C 13 v 17 3.30 2.79 Yes
G3 v C 10 v 17 1.67 2.92 No
Pb G1 vG 2 17 v 13 1.22 3.01 No
G1 vG 3 17 v 10 2.32 3.48 No
G2 vG 3 13 v 10 1.91 3.59 No
C v G l 17v 17 16.2 2.68 Yes
C v G 2 17 v 13 20.8 3.01 Yes
C v G 3 17 v 10 36.5 3.48 Yes
M
Appendix 4: Stress Study: Element-element correlations.
The product moment correlation coefficient for each correlation is presented. If  the 
correlation was determined to be significant as a result of a two-tailed t-test, the level at 
which this significance occurred is also reported. The calculated and critical values of t 
were previously shown in Table 3.8.
Magnesium Calcium Iron Copper Zinc Selenium Cadmium Lead
Correlation Coefficient (r = ) 
Significance level (P - )
+ 0.359 
0.02
+ 0.018 + 0.387 
0.02
- 0.025 - 0.141 -0.025 -0.116
Calcium iron Copper Zinc Selenium Cadmium Lead
Correlation Coefficient (r * )  
Significance level (P = )
+ 0.021 + 0.407 
0.01
+ 0.004 + 0.255 
0.10
+ 0.285 
0.10
+ 0.250 
0.10
Iron Copper Zinc Selenium Cadmium Lead
Correlation Coefficient (r = ) 
Significance level (P « )
- 0.223 -0.197 -0.197 - 0.096 + 0.041
Conner Zinc Selenium Cadmium Lead
Correlation Coefficient (r = ) 
Significance level (P = )
+ 0.061 + 0.035 + 0.253 
0.10
+ 0.450 
0.01
Zinc Selenium Cadmium Lead
Correlation Coefficient (r = ) 
Significance level (P = )
+ 0.146 -0.016 + 0.103
Selenium Cadmium Lead
Correlation Coefficient <r = ) 
Significance level (P = )
+ 0.107 +0.012
Cadmium Lead
Correlation Coefficient (r = ) 
Significance level (P = )
+ 0.249 
0.10
Highlighted values are those that have a significant correlation.
N
Appendix 5: Infertility Study: Element - element correlations in blood serum.
Manoanese Iron Copper Zinc Selenium Molybdenum Cadmium Iodine Lead
Corretalion Coefficient (r =) 0.240 0.231 0.433 -0.371 0.242 0.101 -0.519 -0.201
Calculated t value (n =) 1.84(58) 1.76 (58) 3.52 (58) 2.99 (58) 1.69(48) 0.76 (5B) 4.15 (49) 1.52(57)
Critical t value ■ - 3.472 2.566 - - 3.509 .
Significance level (P =) - - 0.001 0.01 - - 0.001 -
Iron Copper Zinc Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) 0.035 0.293 -0.136 0.147 0.113 -0.190 -0.139
Calculated t value (n =) 0.26 (58) 2.29 (58) 1.03 (58) 1.01 (48) 0.85 (58) 1.33(49) 1.04 (57)
Critical t value - 2.001 - . . - _
Significance level =) - 0.05 - - - - -
Copper Zinc Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) 0.038 0.095 -0.045 -0.089 -0.110 0.050
Calculated t value (n =) 0.285 (58) 0.714 (58) 0.306 (48) 0.669(58) 0.76 (49) 0.37 (57)
Critical t value . . - . -
Significance level (P =) - - - - - -
Zinc Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) -0.231 0.189 0.136 -0.341 -0.287
Calculated t value (n =) 1.78(58) 1.31 (48) 1.03(58) 2.49 (49) 2.22 (57)
Critical t value - - - 2.409 2.004
Significance level (P =) - - - 0.02 0.05
Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) -0.323 -0.326 0.693 0.498
Calculated t value (n =) 2.31 (48) 2.58 (58) 6.59 (49) 4.26 (57)
Critical t value 2.013 2.39 3.51 3.48
Significance level =) 0.05 0.02 0.001 0.001
Molybdenum Cadmium iodine Lead
Correlation Coefficient (r =) -0.088 -0.449 -0.302
Calculated t value (n = ) 0.60 (48) 3.06 (39) 2.13 (47)
Critical t value - 2.72 2.014
Significance level (P =) ■ - 0.01 0.05
Cadmium Iodine Lead
Correlation Coefficient (r =) -0.129 0.078
Calculated t value (n =) 0.89 (49) 0.58 (57)
Critical t value - -
Significance level (P =) - -
Iodine Lead
Correlation Coefficient (r =) 0.366
Calculated t value (n =) 2.67 (48)
Critical t value 2.411
Significance level <P =) 0.02
Highlighted values are those that have a significant correlation.
O
Appendix 6: Infertility Study: Element-element correlations in follicular fluid.
Manganese Iron Copper Zinc Selenium Molybdenum Lead
Correlation Coefficient (r = ) 0.456 0.408 0.386 0.437 0.126 0.066
Calculated t value (n = ) 4.35 (74) 3.79 (74) 3.55 (74) 4.12(74) 0.64 (27) 0.33 (27)
Critical t value 3.431 3.431 3.431 3.431 - -
Significance level (P = ) 0.001 0.001 0.001 0.001 - -
iron Copper Zinc Selenium Molybdenum Lead
Correlation Coefficient (r = ) 0.577 0.714 0,537 0.457 -0.219
Calculated t value (n =) 5.99 (74) 8.65 (74) 5.40 (74) 2.57 (27) 1.12(27)
Critical t value 3.431 3.431 3.431 2.485
Significance level (P =) 0.001 0.001 0.001 0.02 -
Conner Zinc Selenium Molybdenum Lead
Correlation Coefficient (r = ) 0.641 0.753 0.307 -0.227
Calculated t value (n = ) 7.09 (74) 9.71 (74) 1.61 (27) 1.17(27)
Critical t value 3.431 3.431 - -
Significance level (P = ) 0.001 0.001 - -
Zinc Seienium Molybdenum Lead
Correlation Coefficient (r = ) 0.762 0.546 -0.200
Calculated t value (n = ) 9.98 (74) 3.26 (27) 1.02 (27)
Critical t value 3.431 2.787 -
Significance level (P = ) 0.001 0.01 -
Selenium Molybdenum Lead
Correlation Coefficient (r = ) 
Calculated t value (n = ) 
Critical t value 
Significance level (P = )
0.157 -0.142 
0.79 (27) 0.72 (27)
Highlighted values are those that have a significant correlation.
P
Appendix 7: Infertility Study: Element-element correlations in scalp hair.
Mannaneso Iron Copper Zinc Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) 0.355 -0.058 0.073 0.198 0.614 0.344 0.368 0.325Calculated t value (n =) 1.74(26) 0.34 (36) 0.43 (36) 1.16(35) 4.47 (35) 2.14 (36) 2.06 (29) 1.97 (35)Critical t value - - - - 3.611 2.032 2.052 .Significance level (P =) - - - - 0.001 0.05 0.05 -
Iron Copper Zinc Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) 0.019 0.303 0.263 0.378 0.131 0.191 -0.038Calculated t value (n =) 0.10 (29) 1.65 (29) 1.22(22) 2.12 (29) 0.69 (29) 0.89 (23) 0.20 (29)Critical t value - - - 2.052 - - .Significance level (P =) - - - 0.05 - - -
Copper Zinc Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) 0.156 -0.102 -0.097 -0.147 -0.161 -0.026Calculated t value (n =) 0.96 (39) 0.51 (27) 0.58 (38) 0.90 (39) 0.86 (30) 0.16(38)Critical t value - - - - - .
Significance level (P =) - - - - - -
Zinc Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) 0.227 0.054 -0.029 0.003 0.059
Calculated t value (n =) 1.17(27) 0.32 (38) 0.18 (39) 0.02 (30) 0.35 (38)Critical t value - - - . -
Significance level (P =) - - - - -
Selenium Molybdenum Cadmium Iodine Lead
Correlation Coefficient (r =) 0.262 0.210 0.386 0.596Calculated t value (n =) 1.33 (26) 1.07(27) 1.73 (19) 3.71 (27)Critical t value - - - 2.787Significance level (P =) - - - 0.01
iYIoIvbtlonum Cadmium Iodine Lead
Correlation Coefficient (r =) 0.382 0.383 0.099
Calculated t value (n =) 2.48 (38) 2.19 (30) 0.59 (37)
Critical t value 2.434 2.048 -
Significance level (P =) 0.02 0.05 -
Cadmium Iodine Lead
Correlation Coefficient (r =) 0.547 0.090
Calculated t value (n =) 3.46 (30) 0.54 (38)
Critical t value 2.763 -
Significance level (P =) 0.01 -
Iodine Lead
Correlation Coefficient (r =) 0.232
Calculated t value (n =) 1.26 (30)
Critical t value -
Significance level (P =) -
Highlighted values are those that have a significant correlation.
